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Preface 



Heat shock proteins or stress proteins are very immunogenic and abundant intra- 
cellular proteins. Their synthesis is up-regulated by a multitude of stressors, such as 
raised temperature, glucose deprivation, toxic compounds and inflammation. 

The original grouping of heat shock proteins into families was based on their 
molecular weights. Members within a family have high levels of sequence homolo- 
gy, even between eukaryotic and prokaryotic members, and no homologies exist 
between different families. 

The connection of heat shock proteins to inflammation was established when T- 
cells reactive to HSP60 of mycobacteria were found to have a crucial role in the 
induction and, more interestingly, regulation of experimental arthritis. Since then, 
the presence of immunity to HSP in virtually all clinical conditions of inflammation, 
including autoimmune diseases, transplant rejection and atherosclerosis, has empha- 
sised the critical significance of immunity to heat shock proteins for inflammatory 
diseases. 

Based on the initial observations it now seems that their abundant presence, 
especially under conditions of inflammatory stress, may have turned heat shock pro- 
teins into most dependable targets for the immune system, to trigger inflammation 
promoting responses or to trigger regulation in order to control inflammation. 

Recently, interest in the immunology of heat shock proteins has increased to a 
great extent. Firstly, the characterisation of regulatory T-cells being central to mech- 
anisms of peripheral tolerance to avoid harmful auto-aggression has aroused inter- 
est in the definition of the antigens that drive such regulatory T-cells: Heat shock 
proteins being good candidates as such. Secondly, the capacity of heat shock pro- 
teins to interact with receptors of the innate immune system, such as Toll-like recep- 
tors, has generated the awareness of their potential crucial impact on the initiation 
of immune responses and subsequently on the development of adaptive immunity. 

Experience with clinical application of heat shock proteins as anti-inflammatory 
agents has started to emanate. Clinical trials with heat shock protein derived syn- 
thetic peptides have been undertaken in patients with diabetes and arthritis, with 
promising results. In this book the emphasis is on the underpinning research, which 
has generated the basic concepts of the role of heat shock proteins in inflammatory 
diseases. 

W. van Eden 
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HSP60 and the regulation of inflammation: 
Physiological and pathological 



Irun R. Cohen, Francisco J. Quintana, Gabriel Nussbaum, Michal Cohen, Alexandra Zanin- 
Zhorov and Ofer Lider 

Department of Immunology, The Weizmann Institute of Science, Rehovot 76100, Israel 



Introduction 

This chapter positions HSP60 at the center of inflammation and body maintenance. 
We shall discuss the following topics: 

- Inflammation: Physiological 

- Inflammation: Pathological 

- HSP60: Autoimmune target 

- HSP60: Regulator signal 

- HSP60: Innate ligand 

- HSP60 model 

- Signal fidelity and HSP60 



Inflammation: Physiological 

Inflammation has come to have a bad name. We talk about inflammatory diseases 
- diseases apparently caused by the inflammatory process. The pharmaceutical 
industry abets inflammation’s ill repute and works hard to develop “anti-inflamma- 
tory” drugs, which are widely prescribed by physicians and even sold over the 
counter to the public. 

But inflammation has not always been disparaged. The bio-medical scientists 
who developed the concept of inflammation through the first half of the 20th Cen- 
tury were aware of the beneficial aspects of inflammation [1]. In his book General 
Pathology [2], Lord Florey defines inflammation by citing Ebert: “Inflammation is 
a process which begins following a sub-lethal injury and ends with complete heal- 
ing” [3]. 

Defined so, inflammation is physiological. From the moment of birth, the body 
must be maintained in the face of constant exposure to sub-lethal injury; the 
response to injury is inflammation and repair. The physiological system responsible 
for regulating inflammation is the immune system. The cytokines, chemokines. 
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adhesion molecules, and other molecules produced by the immune system’s adaptive 
and innate agents are required for angiogenesis, wound healing, tissue remodeling 
and regeneration, connective tissue formation, phagocytosis, apoptosis, and other 
processes needed for body maintenance. Even recognition of specific antigens is 
involved in the regulation of inflammation. A telling example is the phenomenon of 
neuroprotection: It appears that the preservation and recovery of function follow- 
ing trauma to the central nervous system is enhanced by activated autoimmune T- 
cells that recognize myelin antigens [4]. The point is that the adaptive arm of the 
immune system also takes part in the physiology of inflammation: antibodies, B- 
cells and T-cells. We shall discuss below how T-cells that recognize heat shock pro- 
tein 60 (HSP60) aid the regulation of inflammation. HSP60, as a ligand for innate 
Toll-like receptors (TLR), helps connect innate and adaptive immunity into one inte- 
grated system. Defense against infectious agents is just one aspect of the immune 
maintenance of a healthy body; here too, both the innate and the adaptive arms of 
the immune system play critical roles [5]. 

To maintain the body, the immune system has to diagnose the need for inflam- 
mation at any particular site and at all times, and to respond dynamically with the 
exact mix of inflammatory molecules, in the degree needed to repair the damage. 
The inflammatory response needs to be turned on, fine tuned, and turned off 
dynamically as the healing process progresses [6]. The physiological regulation of 
inflammation by the immune system involves a dynamic dialog between the immune 
cells and the damaged tissue. The immune system responds to molecules from the 
tissue that signals the state of the tissue. As we shall discuss below, the expression 
of HSP60 is a reliable signal. The immune system, in turn, produces molecules 
(cytokines, chemokines, angiogenic factors, growth factors, apoptotic factors, and 
so forth) that induce changes in the target tissue that, properly orchestrated, lead to 
healing. 



Inflammation: Pathological 

If the inflammatory process is not properly regulated, or not terminated, or activat- 
ed at the wrong place, at the wrong time, or to an inappropriate degree, then the 
inflammatory process itself can become the cause of significant damage [7]. Indeed, 
infectious agents bent on damaging the host, usually do so by triggering inappro- 
priate inflammation through their toxins; the host is made sick by his or her own 
inflammatory reaction to pathogenic stimuli that trigger TNF-a, IFN-y and other 
strong pro-inflammatory mediators [8]. Autoimmune diseases are the classic exam- 
ple of inappropriate inflammation. Chronic inflammation plays a role in diseases 
such as atherosclerosis, which bear autoimmune stigmata [9]. Allergies too are the 
expression of inappropriate inflammation [10]. Even agents of chemical or biologi- 
cal warfare have been designed to activate pathological inflammation [11]. 
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Clearly, pathological inflammation is a feature of many diseases. However, 
pathologic inflammation is only physiologic inflammation gone wrong. The patho- 
physiology of inflammation emerges from the physiology of inflammation. The 
immune system normally deploys the inflammatory reaction so that it maintains and 
repairs the body; occasionally, however, the inflammatory process runs wild and can 
become a pathologic reaction [12]. Indeed, inappropriate healing can be as damag- 
ing as inappropriate destruction: the pannus of rheumatoid arthritis is scar tissue 

[13] ; scleroderma too is caused by the unregulated formation of connective tissue 

[14] ; angiogenesis in the retina is a major cause of blindness [15, 16]. The immune 
system needs to receive reliable signals if it is to dispense beneficial inflammation 
while avoiding pathological inflammation. 



HSP60: Autoimmune target 

HSP60 was first discovered to function as a molecular chaperone inside cells. The 
HSP60 molecule is required to assist the folding of polypeptides into mature pro- 
teins in routine protein synthesis, in normal transport of proteins across membranes 
and in response to protein denaturation during cell stress [17, 18]. It could be said 
that HSP60, like the other stress proteins, performs an important function in intra- 
cellular maintenance. Intra-cellular maintenance was a subject for biochemists. 

Later, and in parallel, HSP60 was unknowingly being studied as a dominant anti- 
gen in the host response to infectious bacteria. It was noted that the immune 
response to different bacteria tended to focus on a “common bacterial antigen” 
[19]. This common antigen was discovered to be the variants of HSP60 expressed 
by different bacteria [20-23]. The fact that HSP60 was such a dominant antigen 
was not explained by these studies. 

The dominance of HSP60 as a T-cell antigen came to light in the study of adju- 
vant arthritis (AA), an autoimmune disease inducible in rats by immunization to 
killed mycobacteria [24]. It was discovered that a T-cell clone cross-reactive with 
cartilage and mycobacteria could mediate arthritis in irradiated rats [25, 26]. The 
mycobacterial antigen was later identified to be the HSP60 (HSP65) molecule [27]. 
The idea was that mycobacterial HSP65 bore a peptide epitope cross-reactive with 
a self-epitope in the rat joint [26]. This seminal finding aroused interest in HSP60 
as a target in an autoimmune disease, albeit in an autoimmune disease induced by 
bacterial immunization. 

The connection of HSP60 to autoimmune disease was confirmed in another sys- 
tem when it was discovered that HSP60, both mouse and human, was a target anti- 
gen in the Type 1 diabetes developing spontaneously in NOD mice [28, 29]. HSP60 
autoimmunity was functional: immunization to human HSP60 could accelerate or 
abort the diabetes, an anti-HSP60 T-cell clone could mediate disease in NOD mice 
[30], and immunization with an HSP60 target peptide (p277) could activate tran- 
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sient insulitis and hyperglycemia in standard strains of mice, provided that the pep- 
tide was conjugated to an immunogenic carrier (ovalbumin) [31]. Open questions 
were how autoimmunity to HSP60 could be involved in diverse diseases such as AA 
and NOD diabetes, and how might a ubiquitous molecule like HSP60 be a tissue- 
specific target [32]. Autoimmunity to HSP60 was soon discovered to characterize a 
variety of inflammatory and autoimmune conditions such as human type 1 diabetes 
[28], atherosclerosis [33], Bechet’s disease [34], lupus [35], and others. These find- 
ings only compounded the questions of the role of HSP60 autoimmunity in inflam- 
mation. 



HSP60: Regulator signal 

In direct contrast to HSP60 autoimmunity as a target in pathologic inflammation, 
HSP60 was also noted to down-regulate pathological inflammation. Mycobacterial 
HSP65 or its 180-188 peptide were found early on to vaccinate rats against adju- 
vant arthritis [27, 36, 37]. Work with HSP60 as a regulator of Type 1 diabetes fol- 
lowed. 

Vaccination of NOD mice with the p277 peptide of HSP60 arrested the devel- 
opment of diabetes [30] and even induced remission of overt hyperglycemia [38]. 
Successful p277 treatment was associated with the down-regulation of spontaneous 
T-cell reactivity to p277 and with the induction of antibodies to p277 displaying 
Th2-like isotypes IgGl and IgG2b [39]. Other peptides of HSP60 could also inhib- 
it the development of spontaneous diabetes in NOD mice [40]. 

NOD mice can also develop a more robust form of diabetes induced by the 
administration of cyclophosphamide - cyclophosphamide-accelerated diabetes 
(CAD) [41]. We used DNA vaccination with constructs encoding human HSP60 
(pHSP60) or mycobacterial HSP65 (pHSP65) to explore the regulatory role of 
HSP65 [42]. Vaccination with pHSP60 protected NOD mice from CAD. In con- 
trast, vaccination with pHSP65, with an empty vector or with a CpG-positive oligo- 
nucleotide was not effective, suggesting that the efficacy of the pHSP60 construct 
might be based on regulatory HSP60 epitopes not shared with its mycobacterial 
counterpart, HSP65. Vaccination with pHSP60 modulated the T-cell responses to 
HSP60, and also to the glutamic acid decarboxilase (GAD) and insulin autoanti- 
gens: T-cell proliferative responses were significantly reduced and the pattern of 
cytokine secretion to HSP60, GAD and insulin showed an increase in IL-10 and IL- 
5 secretion and a decrease in IFN-y secretion, compatible with a shift from a Thl- 
like towards a Th2-like autoimmune response. Thus, immunoregulatory networks 
activated by vaccination with pHSP60 or p277 can spread to other (3-cell antigens 
like insulin and GAD and control NOD diabetes. To understand the role of HSP60 
in immune signaling, we shall have to understand how HSP60 can affect autoim- 
munity to other molecules. 
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Type 1 diabetes in humans was also found to be susceptible to immunomodula- 
tion by p277 therapy. A double-blind, Phase II clinical trial was designed to study 
the effects of p277 therapy on newly diagnosed patients [43]. The administration of 
p277 after the onset of clinical diabetes preserved the endogenous levels of C-pep- 
tide (which fell in the placebo group) and was associated with lower requirements 
for exogenous insulin, revealing the arrest of inflammatory p-cell destruction. Treat- 
ment with p277 was associated with an enhanced Th2 response to HSP60 and 
p277. Taken together, these results suggest that treatment with HSP60 or its p277 
peptide can lead to the induction of HSP60-specific regulators that can control the 
collective of pathogenic reactivities involved in the progression of autoimmune dia- 
betes. 

The administration of HSP60 or some of its peptides could also prolong the sur- 
vival of skin allografts in mice [44]. Thus the regulatory effects of HSP60 were not 
limited to autoimmune disease. 

HSP60 can also regulate AA. Vaccination of rats with HSP65 or some of its 
T-cell epitopes was found to prevent AA [27, 36, 37, 45]. The mechanism of pro- 
tection was thought to involve cross-reactivity with the self-60 KDa heat shock 
protein (HSP60) [46]. We studied the roles of HSP60 and HSP65 in modulating 
AA [47], and identified regulatory epitopes within the HSP60 protein using DNA 
vaccines (Quintana et ah, submitted). Susceptible rats were immunized with 
DNA vaccines encoding human HSP60 (pHSP60) or HSP65 (pHSP65) and AA 
was induced. Both pHSP60 and pHSP65 protected against AA. However 
pHSP60 was significantly more effective. We identified immunoregulatory 
regions within HSP60 using HSP60 DNA fragments and HSP60-derived over- 
lapping peptides. A regulatory HSP60 peptide (Hu3, aa 31-50) that was specifi- 
cally recognized by the T-cells of rats protected from AA by DNA-vaccination. 
Vaccination with Hu3, or transfer of splenocytes from Hu3-vaccinated rats, pre- 
vented the development of AA. Vaccination with the mycobacterial homologue 
of Hu3 had no effect. Effective DNA or peptide vaccination was associated with 
enhanced T-cell proliferation to a variety of disease-associated antigens, along 
with a Th2/3-like shift (down-regulation of IFN-y secretion and concomitant 
enhanced production of IL-10 and TGF-pl) in the response to peptide Mtl76- 
190 (the 180-188 epitope of HSP65). The regulatory response to HSP60 or its 
Hu3 epitope included both Thl (IFN-y and Th2/3 (IL10/TGF-(31) secretors. 
These results showed that HSP60-specific regulation can control AA and be acti- 
vated by immunization with relevant HSP60-derived epitopes, administered as 
peptides or as DNA vaccines. 

Along with the perplexing association of HSP60 autoimmunity in different 
autoimmune diseases, we are confronted by the effect of HSP60 as a modulator of 
the immune response phenotype and a terminator of autoimmune damage and allo- 
graft rejection. 
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HSP60; Innate immune signal 

Innate immune system receptors have been shown to control the cytokine phenotype 
of the adaptive immune response [48]. Headway in unraveling the pleiotropic effects 
of HSP60 has been the discovery that HSP60 can signal macrophages and other cells 
through an innate signaling pathway, dependent on functional CD 14 plus TLR-4 
and/or TLR-2 [49-51]. The TLR-4 molecule does not seem to bind HSP60 directly, 
but TLR-4 is required to transduce the signal [50, 52]. Binding to the cell surface 
may be mediated by more than one receptor, as HSP60 molecules derived from var- 
ious sources do not all compete for binding of labeled human HSP60 [53]. 
Macrophages exposed to soluble HSP60 secrete pro-inflammatory mediators such 
as TNF-a, IL-6, IL-12, and nitric oxide [49, 50, 54]. The pro-inflammatory effects 
of HSP60 can explain how HSP60 can be associated with up-regulation of inflam- 
mation in so many conditions. Early on, we observed that soluble HSP60 was pre- 
sent in the circulation of NOD mice developing type 1 diabetes and peaked before 
the onset of disease [55]; this increased HSP60 might accelerate islet inflammation 
through TLR-4 signaling. However, how can the same HSP60 molecule block 
inflammation? 

Some explanation may be found in the discovery that HSP60 can directly acti- 
vate anti-inflammatory effects in T-cells by way of an innate receptor. We find that 
HSP60 and its fragments can regulate the physiology of inflammation itself by act- 
ing as ligands for TLR-2 in T-cells [56]. HSP60 activated human T-cell adhesion to 
fibronectin, to a degree similar to other activators: IL-2, SDF-la and RANTES. T- 
cell type and state of activation was important; non-activated CD45RA'^ and IL-2- 
activated CD45RO'" T-cells responded optimally at low concentrations 
(0.1-1 ng/ml), but non-activated CD45RO'^ T-cells required higher concentrations 
(> 1 qg/ml) of HSP60. T-cell HSP60 signaling was inhibited specifically by a mAb to 
TLR-2, but not by a mAb to TLR-4. The human T-cell response to soluble HSP60 
depended on PI-3 kinase and PKC signaling, and involved the phosphorylation of 
Pyk-2. Soluble HSP60 also inhibited actin polymerization and T-cell chemotaxis 
through ECM-like gels towards the chemokines SDF-la or ELC. Exposure to 
HSP60 could also down-regulate the expression of chemokine receptors CXCR4 
and CCR7. Most importantly, HSP60 prevented the secretion of IFN-y by activated 
T-cells (unpublished observations). These results suggest that soluble HSP60 (and its 
fragments), through TLR-2-dependent interactions, can down-regulate T-cell behav- 
ior and control inflammation. 

To examine further the contribution of innate immune signaling to autoimmuni- 
ty, we inserted a TLR-4 mutation into NOD mice. Mutated TLR-4 appears to 
markedly increase susceptibility to autoimmune Type I diabetes (unpublished obser- 
vations). Apparently TLR-4 signaling, whether by endogenous ligands such as 
HSP60 or foreign ligands such as LPS, can educate the immune system to avoid 
pathogenic autoimmunity. Further studies will examine the requirement of TLR-4 
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signaling for the therapeutic effects of HSP60- and HSP60-based therapies. The 
importance of innate receptor signaling for the down-regulation of inflammation 
was also confirmed in studies showing that CpG, a ligand for TLR-9 [57], can inhib- 
it the spontaneous development of Type I diabetes in NOD mice [58]. It would 
appear that CpG can actually up-regulate the expression of HSP60 and enhance 
HSP60 regulators (unpublished observations). 

Thus, HSP60 can have both pro-inflammatory and anti-inflammatory effects on 
various cell types. HSP60 works as a ligand both for antigen receptors on T-cells and 
B-cells (and auto-antibodies) and for innate receptors TLR-4 and TLR-2 on various 
cells types. 



HSP60 model 

Figure 1 summarizes our current views of inflammation (physiologic and patholog- 
ic), body maintenance and HSP60. Infection, trauma and noxious agents cause 
stress (damage) to cells and tissues. Unless repaired, stress can be lethal. Stress of 
any kind induces up-regulation of HSP60 and other stress molecules. The chaper- 
one function of HSP60 and its allies inside stressed cells protects the cells as a type 
of intra-cellular maintenance. However, there is also an extra-cellular maintenance 
system - the immune system. The HSP60 molecule, as it performs its chaperone 
function in the stressed cells, also functions as a molecular signal to the wandering 
cells of the immune system. Macrophages, dendritic cells, endothelial cells, and oth- 
ers recognize HSP60 epitopes via innate receptors. T-cells and B-cells recognize 
HSP60 both via their adaptive antigen receptors and their innate receptors. Healthy 
individuals are born with a high frequency of T-cells that have been positively select- 
ed to see HSP60 epitopes; HSP60 is a member of the set of self-molecules for which 
there exists natural autoimmunity [6, 59]. 

The fine balance of the amounts of HSP60 and other molecules expressed by the 
damaged/healing tissues and the responding immune cells is integrated into the 
dynamic process we call physiologic inflammation. Physiologic inflammation results 
in beneficial immune maintenance. Thus the processes set into motion by HSP60 
and the other stress molecules responding to cellular damage lead to both intra-cel- 
lular maintenance (chaperone function) and extra-cellular immune maintenance 
(signal function). 

Malfunction of the inflammatory response, however, can produce pathologic 
inflammation and, rather than heal, compound the damage. 

This model, at our present state of knowledge, is mostly words. HSP60 research 
has to fill in the picture in a precise and quantitative way. Which cells recognize 
HSP60? Which cells and which conditions lead to the secretion of soluble HSP60? 
What are the functional receptors and epitopes? What are the varied responses? 
How do the amounts and concentrations of various molecules orchestrate the 
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Figure 1 

HSP60, as a chaperone, mediates intra-cellular maintenance; as an immune signal, HSP60 
regulates inflammation. See text 



inflammatory response? How does healing occur? How does pathologic inflamma- 
tion emerge? How can we control it and restore health? The program is very heavy, 
but HSP60 has given us a powerful tool for manipulating the inflammatory response 
and not only for exploring it. 



Signal fidelity and HSP60 

In closing, let us take note of the central position of HSP60. Why should the same 
HSP60 molecule function intra-cellularly as a chaperone and extracellularly as a sig- 
nal? Would it not be more efficient to divide the functions and have two different 
molecules do the job? A chaperone should be a chaperone and a signal molecule 
should specialize in signaling. Is it not confusing for the system to load one HSP60 
molecule with more than one important function? 

The paradox of pleiotropism tells us something fundamental about signaling and 
about evolution. An important aspect of signaling is the fidelity of the signal. A reli- 
able signal is a signal that never tells a lie [60]. What signal could be a more faith- 
ful sign of stress than a stress protein with a chaperone function? HSP60 signaling 
is foolproof. 
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The pleiotropism of HSP60 is yet another example of the way evolution uses old 
information for new purposes. HSP60 was invented at the onset of cellular life — at 
least in prokaryotes [61]. Moreover, the homologues of the TLR molecules involved 
in the transduction of the HSP60 signal appeared with multicellular organisms, but 
associated with development and not only with innate immunity [62]. However, like 
other ancient molecules, HSP60 gained a new function in higher multicellular 
organisms and immune systems. That’s the way it goes; it takes old information to 
make new information [63]. 
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Introduction 

The analysis of T-cell responses in the classical model of mycobacteria in oil induced 
arthritis in rats, which was discovered by Pearson et al. [1], through the observation 
that immunisation with complete Freund’s adjuvant inadvertently led to induction 
of disease, has led to the first findings on the relationship between immunity to HSP 
and inflammatory diseases. This chapter aims to summarise these first findings in 
the model and to describe studies that have led to a broad concept of immunity to 
FfSP as a critical contributor to mechanisms of peripheral rolerance. From the exper- 
imental data discussed, attractive possibilities seem to emanate for preventive and 
therapeutic interventions in inflammatory diseases. 



HSP60 discovered as a critical antigen in adjuvant arthritis 



Mycobacteria in oil induced arthritis in rats was known as a disease that was trans- 
ferable into naive syngeneic recipient rats with lymphocytes in the absence of added 
mycobacterial antigens, which characterised the model as an autoimmune disease 
model [2]. These transfer studies were refined by Holoshitz et al. when they succeed- 
ed in transferring disease in irradiated Lewis rats with a T-cell clone, called Alb, 
obtained from mycobacteria immunised animals, having a single specificity for an 
unknown M. tuberculosis-denved antigen [3]. Subsequent experimentation revealed 
the possible self-antigen involved to be related to an antigen associated with the pro- 
teoglycan fraction of joint cartilage [4]. In mycobacteria the antigen was found to 
reside in an acetone precipitable fraction. The exact nature of the antigen, however, 
was discovered when we tested a supposedly 65 kDa recombinant mycobacterial 
antigen, serendipitously cloned by van Embden [5]. Alb showed a vigorous prolifer- 
ative response in the presence of this antigen, which even exceeded the level of 
responsiveness towards its original antigen, crude mycobacteria. Analysis of the gene 
sequence coding for this antigen revealed its nature as being one of the first of newly 
discovered HSP60 family of bacterial heat shock proteins, formerly known as “com- 
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mon antigen of gram-negatives”. This finding of a conserved bacterial antigen as the 
antigen of arthritis producing T-cells in the AA model, led to a wide search in other 
disease models and in human autoimmune diseases for further associations of reac- 
tivity to HSP with disease. As described in several other chapters of this book, the lat- 
ter search has opened a fruitful area of research, which has led to the perception that 
immunity to HSP is a common feature in virtually every inflammatory condition. 



The search for mimicry epitopes in arthritis leads to matrixmetallo- 
proteinases 

After having defined Mycobacterium tuberculosis HSP60 (mtHSP60) as the antigen 
of arthritogenic T-cell Alb in the AA model, the epitope of Alb was uncovered by 
screening proteins produced by deletion mutants of the HSP60 gene, and by testing 
synthetic peptides. The epitope turned out to reside in a non-conserved area of the 
molecule, with the sequence at positions 180-188 representing the minimal 
sequence for inducing Alb responses [6]. Searches for the postulated mimicked epi- 
tope, associated with cartilage proteoglycans, were not leading to a definite answer. 
The non-conserved nature of the epitope however, did rule out the possibility of the 
rat tissue HSP60 harbouring the target self-epitope. Also, when tested no responses 
were seen in the presence of the cloned rat HSP60 [7], however followed an innov- 
ative search strategy, where information on MHC and Alb T cR contact residues of 
the epitope was used as the basis of a computer search profile. With this profile, a 
search was carried out in the Swiss-Prot database for putatively arthritis-associated 
T-cell epitopes. Of the 11,000 + hits, 51 were selected based on the presence of these 
sequences in proteins associated with cartilage, joints and/or arthritis. Peptides were 
synthesised on the basis of the selected sequences and were tested for their capacity 
to elicit T-cell responses in spleen or lymph node-derived cells obtained from ani- 
mals at various stages of AA development. 14 peptides were initially found to elicit 
such T-cell responses. Of these 14 peptides, six were found to have the capacity to 
induce arthritis in Lewis rats when emulsified in the adjuvant DDA. Interestingly, 
three of these six peptides were derived from matrixmetalloproteinases (MMP). Fur- 
thermore, transfer experiments using T-cells from peptide immunised animals 
revealed that only T-cells obtained from MMP peptide immunised animals trans- 
ferred disease, whereas none of the non-MMP peptides had this capacity. Despite 
the fact that these MMP peptides were not found to directly stimulate T-cell Alb, 
this Alb based search for arthritis-associated sequences revealed epitopes with 
arthritogenic potential in proteins with an already established impact in arthritis. 
Whether, therefore, MMPs are the actual targets of arthritogenic T-cells in AA 
remains questionable. Nonetheless, the testing of T-cell responses to these MMP 
peptides in RA patients has indicated that also in human arthritis, responses to these 
peptides do develop. It is possible that administration of these peptides under 
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tolerising conditions may yield avenues for antigen specific immunotherapies specif- 
ically targeted to joint inflammation. 



Arthritis suppressive effect of mtHSP60 

Despite the fact that mtHSPhO was the mycobacterial antigen that stimulated the 
arthritis producing T-cell Alb in AA, when the mtHSP60 molecule was isolated 
from the context of the entire mycobacterium and used to immunise rats, no disease 
was seen to develop. Interestingly however, induction of AA with mycobacteria in 
oil following prior mtHSP60 immunisation, however, was found to be impossible 
[5]. Apparently, mtHSP60 immunisation led to the production of resistance to sub- 
sequent disease induction. This was also found in a similar model in Lewis rats, 
which does not involve any microbial agent, produced by administration of avridine 
or CP20961 [8]. Subsequent experiments carried out by various groups using vari- 
ous experimental autoimmune models have now substantiated the disease inhibito- 
ry effect of mtHSP60 immunisation [9-13]. A comprehensive analysis of HSP60 T- 
cell epitopes in adjuvant arthritis indicated the induction of self-HSP (host HSP) 
cross-recognition as an underlying mechanistic principle of the arthritis suppressive 
potential of mtHSPhO. By testing an overlapping set of 15-mer peptides spanning 
the complete mtHSP60 sequence, nine distinct dominant T-cell epitopes were detect- 
ed. Subsequent adoptive transfer studies, using T-cell lines generated to all epitopes, 
revealed that only T-cells directed to a very conserved 256-265 sequence transferred 
protection [12]. The same T-cells were shown to recognise the tissue or (mam- 
malian) maHSP60 homologous peptide and also heat-shocked autologous cells. Fur- 
thermore, active immunisation with the conserved peptide protected against the 
induction of both mycobacteria-induced adjuvant arthritis and avridine arthritis. All 
other (non-conserved) peptides failed to produce such protection. 

Recently the mtHSP60 mode of action in suppressing arthritis has been repro- 
duced very similarly for mtHSP70 by others [14] and ourselves [13]. Also, in these 
latter cases T-cells recognising the very conserved mtHSP70 peptides were found to 
produce protection. 

Given the multitude of models involving different triggering substances or anti- 
gens, where single molecules such as mtHSP60 and 70 were found to be protective, 
the induction of regulatory self-HSP cross-reactive T-cell responses may well explain 
the observation made so far. 



T-cell responses to stressed antigen presenting cells (APC) 

It is assumed that the regulatory potential of self-HSP reactive T-cells is exerted at 
the site of inflammation, where under the influence of the stressed environment. 
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caused by toxic mediators of inflammation, cells do express enhanced levels of HSR 
The potential of these T-cells to recognise endogenously produced self-HSP peptides, 
captured in the MHC Class II molecules of stressed APC, was demonstrated in a 
variety of experiments. 

Self HSP60 cross-reactive T-cells were produced by repeated re-stimulations with 
the conserved core epitope (256-265) of MtHSP60. Subsequent testing of these T- 
cell lines for their proliferative responses in the presence of either normal or heat 
shocked (30 minutes culture at 43"'C and a recovery period of four hours at 37"C) 
spleen cells, showed moderate responses in the presence of normal APC and showed 
high proliferative responses in the presence of the heat shocked APC [15, 16]. Thus, 
T-cells with specificity for self-HSP60 were responsive to endogenously-produced 
self HSP, as presented by cells in the absence of added antigens. These responses in 
the absence of added antigens were shown to be MHC Class II restricted, as these 
responses were fully inhibited by adding an antibody specific for RTl-B (0X6) to 
the culture. An antibody specific for RTl-D (0X17) had no inhibitory effect for the 
T-cell lines tested so far. In some cases, the self-HSP60 reactive T-cell line became 
auto-proliferative and expanded without the need of re-stimulations with antigens. 
These lines were also seen to produce IL-4, IL-10 and INF-y. Upon transfer they 
were shown to have arthritis suppressive potential. 

In co-culture experiments the suppressive potential of self-HSP specific T-cells 
was analysed. T-cell lines were generated by immunising with the rat homologous 
sequence of MtHSP60 256-265 (R256-265). For control purposes, the same pro- 
tocol was followed for the generation of T-cell lines with specificity for OVA 
323-339. Following isolation of the draining lymph node T-cells, the cells were re- 
stimulated in vitro with normal or heat-shocked (protocol as above) spleen cells. 
Following an expansion phase on IL-2, these T-cells were co-cultured with respon- 
der cells A2b in the presence of its antigen MtHSP60 180-188. It turned out that 
R256-265 specific T-cells, which had been re-stimulated with stressed spleen cells, 
had a very significant suppressive effect on the level of A2b proliferation. In other 
words, self-HSP reactive T-cells are not only responsive to stressed APC, but also 
they seem to develop a regulatory phenotype upon recognition of stressed APC 
(Fig. 1.). 



Possible mechanisms of HSP mediated suppression of inflammation 

How self-HSP cross- reactive T-cells become regulators 

Recent studies of peripheral immunological tolerance have amply substantiated the 
potential of self-reactive T-cells as regulatory T-cells that have the capacity to con- 
trol autoimmune diseases. These T-cells have regulatory activities based on either 
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Figure 1 

Short-term T-cell lines generated against a self-HSP60 epitope inhibit the proliferative 
responses of the arthritogenic T-cell clone A2b. 

Short-term T-cell lines were generated by re-stimulation of OVA323-339 primed LNC with 
normal (solid bars) or heat stressed APC (cross-hatched bars) or by re-stimulation of R256- 
265 (the rat homologous sequence of MtHSPSO 256-265) primed LNC with normal (open 
bars) or heat stressed APC (hatched bars). After an expansion-phase of seven days, T-cells 
were co-cultured with T-cell clone A2b in a ratio of 1:1 in the presence of normal APC and 
proliferative responses to peptide Ml 76-1 90 were determined. 

* p <0.05 as compared to co-cultures with OVA323-339 short-term T-cell lines and as com- 
pared to the co-culture with the R256-265 short-term T-cell line generated by re-stimula- 
tion with normal APC. 



skewed regulatory cytokine production (Thl versus Th2, Trl [13, 17, 18]) or a 
diverted functional status such as anergy [19]. In the case of anergy, T-cells may pro- 
duce suppressive ILIO [20] or modulate APC functional activity [21-23]. 

Given the particular nature of heat-shock proteins, self-HSP60 reactive T-cells 
can be regulatory through grossly two additive mechanisms [24, 25]. 

Firstly, presence of constitutive self-HSP (low levels) in parenchymal cells and 
microbial homologues in the GALT may maintain tolerance in the peripheral self 
HSP specific T-cell repertoire through induction of anergy (lack of co-stimulation or 
cross-tolerance induction by professional APC) and induction of regulatory 
cytokine profiles (mucosal tolerance). Secondly, self-HSP60 (due to the uniquely 
subtle amino acid sequence variations between self and microbial homologues) does 
provide natural altered peptide ligands (APL) or partial agonists for the microbial 
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HSP60 oriented T-cell repertoire and therefore sets the self-HSP cross-reactive reper- 
toire in the regulatory mode. The thus actively tolerised self-HSP60 repertoire, 
exerts its regulatory activity in the context of stress up-regulated self-HSP60 
(maHSP60) at the site of inflammation. 

Protection against arthritis seems to be a unique quality of HSP 

Recently, we have tested whether other bacterially-derived immunogens of a con- 
served nature have similar protective qualities in experimental arthritis [26]. For this 
we selected bacterial antigens such as superoxide dismutase (SOD) of E. coli^ glyc- 
eraldehyde-3-phosphate dehydrogenase of Bacillus (G3PDH) and aldolase of 
Staphylococcus. These antigens were found to be immunogenic as they induced 
readily proliferative T-cells responses and delayed type hypersensitivity reactions. 
All three antigens were relatively conserved and have homologous enzymes present 
in the mammalian hosts. However, none of the antigens were seen to affect arthri- 
tis induction upon immunisation both in adjuvant and avridine arthritis. 

Why would HSP, including minor sub-families such as HSPIO, protect against 
arthritis and other inflammatory processes, whereas other conserved and immuno- 
genic bacterial proteins do not.^ 

One major difference between ordinary bacterial proteins and HSP is the stress 
protein nature of HSP. Inflammation leads to the locally up-regulated expression of 
HSP, which was documented by various studies to occur in the synovium in the case 
of arthritis [27]. Therefore, the up-regulated presence of the target for regulatory T- 
cell activity can focus the regulatory control towards the inflammatory process. 

In addition, it is possible that in comparison with other bacterial antigens, HSP 
have specialised receptors (such as CD14 and Toll-like receptors [28, 29] for their 
entry into for instance macrophages, as suggested by the evidence that HSP have a 
unique capacity to signal “danger”. For gut flora associated HSP this could possi- 
bly mean that HSP have a relatively easy entry into the gut associated lymphoid tis- 
sues. In this case, the immune system would have a more continuous and intense 
relationship with HSP than with other microbial antigens. 



Commensal bacterial environment and promotion of tolerance through HSP 

The significance of gut flora for resistance to arthritis has been widely documented. 
In the majority of cases presence of gut flora was seen to produce a relative resis- 
tance to arthritis induction. Classical experiments by Kohashi et al. [30] have shown 
in Fisher rats that germ-free animals were susceptible to adjuvant arthritis whereas 
conventional animals were not. Reconstitution of the germ-free with the original 
flora or with £. coli was shown to reproduce resistance. 



20 




Heat shock proteins and suppression of inflammation 



Of interest in this respect seems to be a slowly acting orally-administered anti- 
rheumatic drug called Subreum or OM89 (Laboratoires OM, Geneva) [31]. Sub- 
reum consists of an extract of selected E. coli strains and contains E. coli HSP, main- 
ly HSP70. Upon intragastric administration in Lewis rats the material was found to 
inhibit adjuvant arthritis and to induce proliferative T-cell responses specific for 
HSP60 and HSP70 [32]. It is possible that the mode of action of this material is due 
to the induction of regulatory T-cell activity directed to HSP. And indeed, recent 
experiments by Cobelens et al. [33] have provided the evidence that oral HSP can 
directly mediate an arthritis therapeutic effect. Mycobacterial HSP60 was adminis- 
tered; starting at the time adjuvant arthritis was manifest, orally in combination 
with soybean trypsin inhibitor to avoid small-intestinal disintegration. This led to 
an immediate reduction of arthritis severity in the treated animals. Cobelens et al. 
have shown more recently that p 2 agonists, such as Salbutamol [34], have the capac- 
ity to promote production of ILIO and TGF-]3 in intestinal cells. When given orally 
in combination with HSP60, a suppressive effect on the development of adjuvant 
arthritis was noted. A separate series of experiments using a classical protocol of 
oral OVA induced tolerance in combination with Salbutamol showed a remarkably 
long lasting (several months) tolerance promoting effect of Salbutamol. 

More indirect evidence was collected by Nieuwenhuis et al. [35] when they 
showed that an antibiotic regimen that led to a demonstrable predominance of E. 
coli bacteria in the gut produced a strong resistance to adjuvant arthritis induction. 
Interestingly enough, the same regimen produced resistance to induction of experi- 
mental autoimmune encephalomyelitis (EAE). 

The Sercarz laboratory obtained interesting observations that relate microbial 
environment-induced mtHSP60 specific T-cell responses to arthritis resistance [36]. 
Two groups of Fischer (F344) rats were compared: one group housed in a barrier 
facility and one group housed in a conventional facility. The animals held in the con- 
ventional facility were seen to develop better resistance to AA induction as com- 
pared to the barrier kept animals. Furthermore, the conventional facility-reared ani- 
mals were shown to have increased their repertoire and responses of T-cells direct- 
ed to a number of carboxy-terminally located mtHSP60 epitopes that had been 
described to induce arthritis protective T-cell responses. Also, transfer of T-cells 
from conventional animals and not from barrier-kept animals, stimulated by the lat- 
ter epitopes was shown to protect naive recipients from active disease induction. 
Thus, apparently, environmental bacteria can modulate arthritis through the spon- 
taneous induction of T-cell responses to regulatory determinants of mtHSP60. 



Self-HSP cross- reactive T-cells produce IL-10 

Immunisation with mycobacterial HSP70 in rats was found to induce production of 
IL-10. First drai nin g lymph node cells were analysed by RT-PCR. In samples 
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obtained after HSP70 immunisation message for IL-10 was detected, whereas in 
samples obtained after immunisation with other control bacterial antigens (as men- 
tioned above) it was not detected [13]. Follow-up experiments, using intracellular 
staining for cytokines in selected CD4+ T-cells, showed that HSP70 and F1SP60 spe- 
cific T-cells were producing IL-10 and IL- 4 to a lesser extent. Control T-cells spe- 
cific for aldolase were found to produce IFN-y and TNF-a and no IL-10 or IL-4. In 
the same assay system, a T-cell line raised by immunisation with a conserved FISP70 
epitope was also found to produce IL-10. In accordance with that, the same epitope 
in the form of a synthetic peptide was shown to be arthritis protective upon nasal 
administration. 

In a recent study by van Halteren et al. [37] the role of HSP60 specific T-cells in 
mouse NOD diabetes was studied. From the analysis comparing the diabetes sus- 
ceptible NOD with the diabetes resistant transgenic strain expressing the resistant 
MHC type I-As^^^p on the NOD background it appeared that HSP60 reactive T-cells 
were triggered by insulitis, although HSP60 was not a primary autoantigen in NOD 
diabetes. Furthermore, the analysis of cytokines produced suggested that IL-10 pro- 
ducing HSP60 specific T-cells were associated with the control of insulitis. A drop 
in IL-10 producing FISP60 reactive T-cells was found to precede clinical expression 
of diabetes. 

Other studies have also indicated a propensity of HSP to induce production of 
IL-10. For example in the mouse it was shown that chlamydial HSP60 primarily 
induced pro-inflammatory cytokines [38]. However, in a similar set-up the mouse 
HSP60 protein was found to induce primarily IL-10 and in the combination of 
chlamydial and mouse HSP60 both pro-inflammatory cytokines and IL-10 were 
produced. Therefore, it was postulated that in the natural situation of chlamydial 
infection both cytokines that drive inflammation and cytokines that control inflam- 
mation are produced. A similar situation was reported for experimental Listeria 
infections in the rat [39]. In that case Listeria HSP70 specific T-cell were found to 
have a regulatory role during listeriosis through production of TGF-(3 and IL-10. It 
was suggested that HSP reactive T-cells were involved to terminate the Thl cell 
mediated excessive inflammation after the “battle against Listeria monocytogenes 
has been won”. 

Other forms of inflammation, apart from that resulting from infection, have also 
been seen to be associated with production of IL-10. In fact it appears as if cellular 
injuries of diverse origin lead to production of IL-10. Therefore, Stordeur and Gold- 
man have called IL-10 a “stress cytokine” [40]. 

Altogether, it is possible that IL-10 production by stressed cells and the propen- 
sity of self HSP (cross-) reactive T-cells to produce IL-10 are both a reflection of the 
regulatory arm of the immune system meant to control excessive or non-productive 
inflammation (Fig. 2). 
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Figure 2 

Self HSP-reactive T-cells suppress pathogenic T-cells present in the same T-cell- APC cluster, 
either through bystander suppression or by down-modulating the T-cell activating capacity 
of APC, by the secretion of IL-10 and/or IL-4. 



B7.2 expression on activated self-HSP cross- reactive T-cells 

Apart from their propensity to produce IL-10 some distinct phenotypic markers 
were found to become up-regulated on self-HSP reactive T-cells. Recent experiments 
in rat adjuvant arthritis have shown the selective up-regulation of B7.2 on HSP60 
reactive T-cells when stimulated by the self (rat) HSP60 sequence [41]. T-cell lines 
were raised against the 256-270 conserved mycobacterial HSP60 peptide. Earlier, 
such lines had been found to induce arthritis protection [12]. Upon re-stimulation 
with the mycobacterial peptide (256— 265) analysis by FACS showed that the cell 
was up-regulating activation markers such as IL-2R, ICAM-1 and 0X40. Further- 
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more, the TCR was down-modulated and the co-stimulatory molecule B7.1 was up- 
regulated at a higher peptide concentration. Stimulation with the homologous self- 
peptide (rat 256-265) did lead to up-regulation of the same activation markers. 
However, B7.1 was not up-regulated and there was a strong up-regulation of B7.2 
already at a low peptide concentration. The same selective B7.2 up-regulation was 
seen after stimulation of this T-cell line with heat-shocked antigen presenting cells 
(spleen). Thus, in this case the stimulation of the T-cell specific for the mycobacter- 
ial conserved epitope did not proliferate in the presence of the corresponding rat self 
epitope, however the cell was activated and up-regulated B7.2. By this the self-epi- 
tope acted as a partial agonist or APL. So far, no data has been reported on the dif- 
ferential expression of B7.1 and B7.2 on T-cells after activation with APL. Howev- 
er, several reports suggested a role for B7.2, expressed on T-cells, in the down-mod- 
ulation of T-cell responses, including anti-T-cell T-cell responses. Greenfield et al. 
[42] reported that B7.2 transfected T-cell tumours did not provide co-stimulation to 
other T-cells in vitro and, in fact, inhibit anti-tumour immunity in vivo. In addition 
they showed that the B7.2 expressed on the T-cell tumour preferentially bound 
CTLA-4 and this was also observed for the B7.2 expressed on normal murine T-cells 
indicating that the B7.2 expressed on T-cells differed from that on APC. Indeed, 
B7.2 on human T-cells was shown to have a different glycosylation form with no 
CD28, but still CTLA-4 binding capacity [43]. In addition, the interaction of B7.2 
on murine T-cells with CTLA-4 was shown to be responsible for down-modulation 
of T-cell responses in vitro [44]. Recently, B7.2 on T-cell tumours was reported to 
suppress tumour immunity, with IL-4 and/or IL-10 producing CD4+ T-cells playing 
a critical role in the suppression. 

Thus, the up-regulation of B7.2 on T-cells, induced upon recognition of self-HSP 
on APC, may well provide such T-cells with a mechanism to control pathogenic T- 
cells in vivo. As pathogenic activated rat T-cells do express MHC Class II antigens 
[45] and enhanced levels of self HSP60 [46], they may present the self-HSP60 pep- 
tide to T-cells that are induced to express B7.2. Also in a more direct manner, this 
T-T interaction involving B7.2 would lead to a negative signal through CTLA-4 on 
the activated pathogenic T-cells, leading to a suppressive form of regulation (Fig. 3). 
And indeed a self-HSP specific highly autoreactive T-cell line expressing B7.2 after 
culture with just APC and no added antigen was seen to transfer protection in rat 
adjuvant arthritis. 



Anti-inflammatory activity in infection 

Risk of inducing non-specific immune suppression by HSP immunisation 

Theoretically, enhancement of self-HSP directed regulation could lead to an inhibit- 
ed immune responsiveness causing a relatively immuno-deficient state. In such a 
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Figure 3 

Self HSP-reactive T-cells down-modulate HSP-presenting pathogenic T-cells directly through 
inhibitory T-cell interactions involving B7.2 (CD86) and its ligand CTLA-4. 



case the undesired side effect of HSP interventions would be the increased suscepti- 
bility to infection. However, from existing experience with HSP immunised animals 
no evidence for a raised incidence of infection was documented. In addition, 
responses to other non-HSP antigens were never found to be suppressed in such ani- 
mals. Apparently, the localised over-expression of self-HSP at sites of inflammation 
confines the regulatory activity of HSP responsive T-cells to those areas where 
inflammation persists to some extent, allowing the regulation to develop. 

In the case of infection it is the kinetics of HSP expression that dictates the course 
of events to develop into a safely controlled anti-infection inflammatory response. 
Infection produced by bacteria or other cellular organisms may lead first to expres- 
sion of microbial non-self HSP. The resulting microbe HSP specific, possibly high 
affinity, pro-inflammatory T-cell response is held to contribute to the elimination of 
the microbial invader. Subsequent over-expression of self-HSP by the stressed cells 
at the site of infection may attract and activate the regulatory T-cells that control the 
inflammation which then subsides. 
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And indeed, in experimental Listeria infection in rats (F344) it was documented 
that HSP70 responsive CD4+ T-cells appeared during the course of infection. The 
cells were found to produce TGF-|3 and IL-10, which in turn regulated excessive 
Thl driven inflammation after the bacteria had been eliminated. Adoptive transfer 
of these cells made animals susceptible to Listeria infection [39]. These obsetvations 
can be of additional interest with respect to the current findings which implicate reg- 
ulatory T-cells in the control of immune responses associated with infection. In 
mouse listeriosis CD4^CD25^ regulatory T-cells were seen to restrict memory CD8* 
T-cell responses, indicating down-modulation of CD8+ T-cell responses in order to 
prevent harmful overshoot after pathogen eradication [47]. In Leishmania major 
infections in mice, CD4+CD25* T-cells were found to accumulate at the site of infec- 
tion in the dermis after infection. This apparently inhibited the effector T-cells in 
their efforts to completely eliminate the parasites, securing a form of concomitant 
immunity, which confers resistance to reinfection by the same parasite [48]. Alto- 
gether, these observations are indicative of the possible intrinsic capacity of the 
immune system to exert responses with a regulatory component attached to it. This 
makes it unlikely that regulation associated with specific inflammatory events will 
lead to a risky form of non-specific immune suppression. 

In the case of viral infection, immunisation with a LCMV peptide in conjunction 
with HSP70, was found to induce protective anti-viral immunity, again arguing 
against the production of general immune suppression under the influence of HSP 
[49]. 



Use of HSP in anti-infection therapy 



Further evidence that FISP immunity contributes to anti-infectious host defensive 
strategies, despite its regulatory potential, comes from recent successes of inhibiting 
tuberculosis in mice using an HSP60 DNA vaccine [50]. Whereas earlier experi- 
ments had shown prevention to be possible using HSP60 DNA vaccines, now an 
established (eight weeks) infection with virulent M. tuberculosis H37Rv was dra- 
matically reduced following four doses (two week) intervals of a plasmid expressing 
mycobacterial HSP60. Interestingly, in combination with antimicrobial chemother- 
apy the approach led in some mice to the complete elimination of residual bacteria. 

A very similar approach using mycobacterial HSP60 DNA vaccines inhibited 
adjuvant arthritis in Lewis rats [51]. 



Use of HSP for vaccines 

The immunological dominance of HSP has led to testing their potential as carrier 
molecules for providing T-cell help to less immunogenic vaccine components [52]. 
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This has resulted in observations where mycobacterial HSP60 and HSP70 were 
found to be excellent carrier molecules in BCG primed animals. Furthermore, the 
undesired carrier-induced suppression, as known to exist for other carrier molecules 
such as tetanus toxoid, was not observed for HSR 

The principle was shown to be valid for peptide conjugates as well, where 
defined microbial HSP60 T-cell epitopes were used to induce pneumococcal poly- 
saccharide specific antibodies [53]. More recently, a self-HSP60 derived peptide was 
used to produce an effective vaccine in mice when conjugated to pneumococcal 
polysaccharide [54]. 

And interestingly, for HSP70, BCG priming turned out to be not a prerequisite, 
possibly reflecting a continuous and spontaneous state of immune priming for this 
antigen [55]. Therefore, HSP70 may well be an ideal “adjuvant” when used as a car- 
rier molecule. This has been shown to work for an adjuvant-free M. tuberculosis 
HSP70-HIVp24 (Gag) fusion protein. 

Sub-unit vaccines based on HSP’s have been developed and tested for various 
infectious organisms. In Legionella HSP60 was found to induce immunity cross- 
protective across multiple Legionella spp. against aerosol challenge. For H. pylori 
HSP60 or HSPIO were found to induce protection against orogastric challenge [56]. 
HSP60 of Yersinia was found protective against infection with Y. enter ocolitica [57]. 

In human candidiasis antibodies against a fragment of Candida HSP90 were 
found to correlate with patient recovery from systemic Candida infection [58]. Pas- 
sive transfer of patient sera or monoclonal antibodies to an HSP90 epitope protect- 
ed mice against systemic Candida infections. 
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Heat shock proteins, the natural adjuvants 

The connection between HSPs and tumor rejection antigens became apparent 
through tumor rejection studies in mice and rats. In search for individually distinct 
tumor rejection antigens, tumor cell lysates were fractionated biochemically and 
each fraction was tested for its ability to immunize in vivo against the tumor. The 
tumor rejection antigens thus found were mostly HSPs (Tab. 1). Preparations of 
HSPs, e.g., HSP70, HSP90, gp96 and calreticulin (CRT) from Meth A fibrosarcoma 
(tumor induced in BALB/c mice by methylcholanthrene) when used to immunize 
BALB/c mice, rendered the mice immune to subsequent challenge with live Meth A 
tumor cells in a classical tumor rejection assay [1-3]. However, immunization of 
mice with HSP preparations from normal tissues [2] or from antigenically-distinct 
tumor cells [1, 4] did not protect the animals against tumor challenge. 



HSP preparations chaperone peptides 

HSP preparations from a given cancer cell were observed to mount a protective 
immune response to the specific cancer. HSPs purified from normal tissue did not 
elicit protective immunity against any cancer tested. As HSPs are chaperones and 
nonpolymorphic, it was speculated that HSPs chaperone low molecular weight pep- 
tides which are responsible for the specific immunogenicity of HSP preparations [5, 
6]. Structural evidence for peptides being associated with HSPs came from a num- 
ber of different studies and can be summarized as follows: 

- Homogenous preparation of HSP70 and gp96 was found to be associated with 
peptides, as in the case of Meth A [2], E.G7 tumor expressing ovalbumin protein 
[7] and mammalian liver [8]. 

- Gp96 purified from vesicular stomatitis virus infected cells was found to be asso- 
ciated with a known Kb restricted viral epitope [9]. 
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- Cytotoxic T lymphocyte (CTL) epitope of a mouse leukemia RLmalel and its pre- 
cursors were found to be associated with HSP90 and HSP70 in the cytosol and 
gp96 in the lumen of the endoplasmic reticulum. HSP70 was associated only with 
the final sized 8mer epitope, whereas HSP90 was found to be associated with the 
octamer and two other precursor peptides. Gp96 was associated with the octamer 
and one of the two precursor peptides [10]. 

- The crystal structure of a peptide complex with the substrate-binding unit of 
DnaK (a member of the HSP70 family protein) has been determined. The struc- 
ture consists of a p-sandwich sub-domain followed by a-helical segments. The 
peptide is bound to DnaK in an extended conformation in the P-sandwich. The a- 
helical domain stabilizes the complex, but does not contact the peptide directly 
[ 11 ]. 

- When peptide transport studies from cytosol to endoplasmic reticulum (ER) were 
carried out, one cytoplasmic protein pi 00 [12] and several ER resident proteins 
such as protein disulfide isomerase (PDI), calreticulin (CRT), calnexin, ERp72, 
gp96, and grpl70 were found to bind to the transported peptides [13, 14]. 

Functional evidence for the peptide-binding property came from several indepen- 
dent immunological observations: 

- Immunization of mice with tumor derived HSP70 preparations depleted of pep- 
tides by treating the HSP with ATP rendered the HSP ineffective in protecting the 
animals against tumor challenge [2, 15]. 

- Immunization with gp96 preparations from cells expressing certain minor anti- 
gens elicited cytotoxic T lymphocytes (CTLs) specific against the minor antigen 
[16]. 

- Immunization with gp96 preparations from cells expressing p-galactosidase pro- 
tein could generate CTLs against the Ld-restricted p-galactosidase epitope [16]. 

- Immunization with gp96 preparations from cells expressing p-galactosidase was 
found dependent on the status of TAP in the cells from which gp96 was derived. 
Cp96 from TAP cells was able to immunize while preparations from cells 
were unable to immunize [17]. 

- Cp96 purified from vesicular stomatitis virus infected cells was found to elicit 
CTLs against a known Kb restricted viral epitope [18]. 

- HSP70 and gp96 has been shown to bind peptides in vitro and these in vitro gen- 
erated HSP-peptide complexes were found to be immunogenic with respect to gen- 
eration of CTLs specific for the peptide complexed to the HSP but not to the HSP 
itself [19]. 

- Cp96 isolated from cells infected with the intracellular bacteria Listeria monocy- 
togenes and Mycobacterium tuberculosis were shown to induce a protective 
immunity against the specific infections in mice [20]. 

- Isolation of peptide from purified gp96 and microsequencing showed that a virus- 
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specific peptide is bound to gp96 derived from liver tissues of patients with hepati- 
tis B virus (HBV)-induced hepatocellular carcinoma [21]. 

- HSP70 purified from human melanoma was shown to activate T-cells recognizing 
melanoma differentiation antigens in an antigen- and Class I-dependent fashion 
[ 22 ]. 

- HSP70-peptide complex purified from tyrosinase-positive but not from tyrosi- 
nase-negative melanoma cells were found to deliver the tyrosinase Ag to immature 
DCs for MHC Class I-restricted T cell recognition [23]. 

These observations indicate that HSPs are not antigenic per se but are carriers of 

antigenic peptides. 



Mechanisms of immunogenicity of HSP-peptide complex 

The mechanism that leads to tumor resistance upon immunization of mice with 
tumor-derived gp96 preparations has been elucidated to a great extent. Earlier work 
[24] has shown that HSP immunization is dependent on the presence of functional 
phagocytic cells and CD8^ T-cells. Depletion of CDS'" T cell and phagocytic cells in 
this study showed that the phagocytic cells are essential for the priming of CDS'' T- 
cells by gp96-peptide complex without the requirement of CD4"' T-cell help (Tab. 2). 
This study suggested for the first time that antigen-presenting cells (APCs) are nec- 
essary to take up the HSP-peptide complex (HSP-PC) and then present the HSP- 
chaperoned peptides to the CD8^ T-cell. 

Subsequent studies on the mechanism of re-presentation of HSP-chaperoned 
peptides by APCs confirmed that APCs such as CD lib'' cells but not B-cells or 
fibroblast cells can take up HSP-PC. The peptides are then processed and re-pre- 
sented on the surface of the APC in association with their MHC I molecule which 
then stimulate antigen-specific CD8'' T lymphocytes. 



Re-presentation of HSP-PC is mediated via an HSP receptor 

Immunization of mice with extremely small quantity (-1 pg) of tumor-derived gp96- 
peptide complex intradermally can protect mice from live tumor challenge. This 
small quantity of HSPs chaperoning even smaller quantities of antigenic peptides, 
are able to immunize against tumors presenting those antigenic peptides [2, 8]. As 
immunogenicity of HSP-peptide complexes is dependent on the presence of func- 
tional professional antigen-presenting cells [24] it was hypothesised that HSPs are 
taken up by APCs through HSP-receptors [25]. As HSP-PCs are targeted to the HSP 
specific receptors on APCs the small quantity of antigenic peptides targeted to the 
APC will be large enough to mount a strong immune response specific to the anti- 
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Table 2 - Cell types required for tumor immunity elicited by immunization with intact 
MethA cells or AAethA derived gp96 [24] 


Immunization 


CD4+ cells 


CD8+ cells 


Macrophages 


Priming phase 








Intact Meth A cells 


R 


NR 


NR 


MethA derived gp96 


NR 


R 


R 


Effector phase 








Intact Meth A cells 


R 


R 


NR 


MethA derived gp96 


R 


R 


R 



R, required: NR, not required. 



genic peptide [19]. Evidence for the specific binding of HSPs on APCs came from a 
number of studies [26-28]. Later studies identified a number of receptors on APCs 
responsible for binding and uptake of HSP-PC such as CD91, CD40, LOX-1 
[29-31]. HSP-PC are internalized through its receptor on the surface of 
macrophages and dendritic cells (DCs) and re-presented on their surface in associa- 
tion with MHCI and MHCII molecules [29, 31-33]. This re-presentation process is 
dependant on functional proteasome transporter associated with antigen presenta- 
tion (TAP) and also sensitive to Brefeldin A (BFA) but not to chloroquine. The sen- 
sitivity of re-presentation of gp96-chaperoned peptides to proteasome inhibitor, lac- 
tacystin and to BFA but not to chloroquine suggests that peptides chaperoned by 
HSPs are channeled from an endosomal (non-acidic) compartment to the cytosol 
and then through the TAP from cytosol (or alternatively depending on the peptide 
in a TAP independent pathway) to the ER to Golgi for antigen presentation by 
MHC I molecules of the APC [18, 33-35]. 



Activation of APCs by HSPs 

The HSP-APC interaction lies at the center of the many properties of HSPs as 
immunogens. The first insights into this interaction revealed that it was a central 
event in adaptive immune response to HSP-chaperoned peptides, whether natural- 
ly-derived, or artificially reconstituted. Subsequently, it appears that the HSP-APC 
interaction results in an even more fundamental chain of events. HSPs purified from 
normal tissue when injected into mice activate resident dendritic cells, which even- 
tually migrate to the draining lymph nodes to mount a specific immune response 
([36], and R. Wang, P.K. Srivastava and S. Basu, submitted). Interaction of HSP with 
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APC induce activation and translocation of the NF-kB complex into the nuclei of 
APCs, where it leads to a chain of transcriptional events including secretion of 
inflammatory cytokines by APCs e.g., TNF-a, IL-1(5, IL-12 and GM-CSF [37, 38], 
induction of inducible nitric oxide synthase (iNOS), production of nitric oxide by 
macrophages and dendritic cells [39] and maturation of dendritic cells as measured 
by enhanced expression of MHC Class II, CD 8 6 and CD40 [37, 40, 41]. 

Re-presentation of HSP-PC by APC requires endocytosis of the HSP-PC; on the 
other hand the innate immune consequences of HSP-APC interaction, requires sig- 
naling. We have shown that CD91 molecule on APCs to be the common receptor 
for gp96, HSP90, HSP70 and CRT [33]. The readout in these studies was re-pre- 
sentation of FISP-chaperoned peptides by the MHC I of the APC. Recent evidence 
from other systems shows CD91 to be a signaling receptor, in addition to being an 
endocytosing receptor [41-43]. Thus, CD91 could be involved in both phenomena. 
A number of receptors on APCs have been implicated in interaction with HSPs but 
the exact identity of the receptor for activation of APCs by HSPs is still perplexing. 
Although some of the innate functions of HSPs mimic the characteristics of LPS, the 
activity of HSPs is also distinct from that of LPS in significant ways. The activation 
receptors thus far identified for HSPs are the same as those for endotoxin e.g., TLR4 
and TLR2 have been suggested to be receptors for HSP60 [44, 45], for HSP70 [46] 
and GP96 [47]. On the other hand CD40, a TNF receptor family member, has been 
shown to be involved in the interaction of APCs with mycobacterial but not human 
HSP70 [48] and data from our work suggests that CD36, a member of the super- 
family of scavenger receptors - to be a signaling receptor only specific for gp96 [49]. 
It is important to note here that effect of endotoxin contamination in HSP prepara- 
tions can supersede the innate effect of HSP per se and can mislead us in identifying 
the HSP specific receptors [50]. 

The HSP-APC interaction thus results in activation of, not only the adaptive but 
also the innate component of immune response. This might be helpful in explaining 
the extraordinary ability of HSP-PC to act as a tumor rejection vaccine. 
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Introduction 

Cells of the innate immune system are equipped with germline encoded receptors 
allowing the recognition of structurally-conserved pathogen-associated microbial 
patterns (PAMP). A subgroup of those receptors are members of a recently defined 
family of proteins called the Toll-like receptors (TLR). The prototypic and name 
defining gene “Toll” was cloned in Drosophila melanogaster and was found to be 
not only responsible for dorso-ventral patterning of the developing larvae but also 
to play a central role in the defense against fungal and gram-positive infections. It 
soon became clear that mammals adopted this defense system, since at least ten dif- 
ferent functional Toll-like receptors have been discovered in the genome of humans 
and nine in mice. These receptors are involved in the recognition of PAMPs like 
endotoxin, peptidoglycan, bacterial DNA, double-stranded RNA, flagellin, lipopep- 
tides, etc. Remarkably, individual receptors are specialized to recognize certain 
PAMPs, e.g., TLR4 senses endotoxin and TLR9 bacterial DNA. Until recently the 
TLR system was thought to have evolved for the recognition of conserved and vital 
foreign structures of various micro-organisms, i.e., structures not present in the 
host. However, this principle was challenged by the discovery that HSPs of bacteri- 
al and mammalian origin were also able to stimulate innate immune cells via the 
TLR-system. Mammalian and bacterial HSPs share a high degree of homology, 
probably to maintain their essential function in mammalian and bacterial cells, i.e., 
the proper folding of a variety of proteins. The unexpected observation that HSPs 
are able to activate cells of the innate immune system is the central topic of this 
review. We will focus on the cell types activated by HSPs, in particular dendritic cells 
and macrophages, the molecular mechanisms of its binding by cell surface receptors 
and its recognition by TLRs, and the intracellular signal cascade induced in the 
responding cells. 
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HSPs belong to the growing family of pathogen-associated 
molecular patterns 

HSPs are divided into different classes according to their molecular weight. Among 
the various subgroups of HSPs we will focus on HSP60, HSP70 and gp96 in our dis- 
cussion of the immunostimulatory role of HSPs. 

HSP60, also called chaperonin based on its essential role in the folding of cel- 
lular proteins, is well known to serve as a target for T- and B-cell mediated adap- 
tive immune responses [1, 2]. The presence of antibodies specific for human and 
bacterial HSP60 were demonstrated in the serum of certain patients [3, 4] indi- 
cating that HSP60 might exist in soluble form where it could act as a whole pro- 
tein to stimulate other cell types. Indeed, a recent study reported that human 
HSP60 is present in the plasma of healthy humans [5]. Chen et al., reported that 
human HSP60 stimulates a pro-inflammatory response in human and murine 
macrophages [6]. These results were confirmed and extended by others reporting 
that chlamydial and human HSP60 activate macrophages, dendritic cells, 
endothelial cells and smooth muscle cells [7, 8]. Importantly, polymyxin B, a well 
known and effective endotoxin-antagonist, was unable to impair HSP60-induced 
cellular responses [6]. Heat treatment of human and chlamydial HSP60 destroyed 
their stimulatory capacity, also arguing against a role of contaminating endotox- 
in which is heat-resistant [8]. A recent publication of our group showed that 
degradation of the chlamydial HSP60 preparation by proteinases impeded com- 
pletely the stimulation of murine dendritic cells [9]. Based on this information, it 
is rather unlikely that the activity of HSP60 to stimulate cells of the innate 
immune system is due to contaminating endotoxin. In addition, cells of the innate 
immune system are able to recognize HSP60 via TLR2, whereas endotoxin is 
detected via TLR4. However, all arguments discussed above do not rule out the 
possibility that a contaminating protein, firmly bound to HSP60, represents the 
stimulatory principle. In this case HSP60 would act as a carrier comparable to 
HSP70 and gp96 which were shown to transport immunogenic peptides for 
cross-presentation [10]. With this caveat in mind host-derived endogenous 
HSP60 as well as exogenous bacterial HSP60s are now considered to be impor- 
tant stimuli of the innate immune system and are therefore added to the growing 
list of molecular-defined PAMPs. 

The same arguments which were raised to define HSP60 as PAMP are applicable 
for HSP70 and gp96. Both molecules are able to stimulate macrophages and den- 
dritic cells [11-13], and their activity is heat-sensitive [11, 13]. Furthermore, HSP70 
and gp96 display a second important function. The pioneering work of Srivastava 
and co-workers demonstrated that these HSPs are able to bind immunogenic pep- 
tides and thereby induce specific T-cell responses after cross-presentation [14, 15]. In 
other words, HSP70 and gp96 act as adjuvant in that they activate innate immune 
cells via intracellular pathways described below, while they simultaneously chaper- 
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one peptides into the MHC Class I presentation pathway in order to provide T-cells 
with their specific peptide ligand and the optimal activation environment. 



Stimulation of cells of the innate immune system by HSPs 

Stimulation of dendritic cells by HSP60, HSP70 or gp96 results in the increased 
expression of costimulatory molecules like CD40, CD80, CD86 as well as MHC 
Class II molecules [9, 11, 16,17], Macrophages, but also vascular endothelium and 
smooth muscle cells, up-regulate adhesion molecules like endothelial-leukocyte 
adhesion molecule-1 (E-selectin), intercellular adhesion molecule-1 (ICAM-1), and 
vascular cell adhesion molecule-1 (VCAM-1) [8]. Dendritic cells are also induced to 
secrete pro-inflammatory cytokines like TNF, IL-12p40, or IL-1|3 [9, 16] and 
macrophages express TNF, IF-1, IF-6, GM-CSF and IF-8 [18]. Thus, HSPs appear 
to function as danger signals like other PAMPs, e.g., endotoxins, peptidoglycan or 
bacterial DNA. However, HSP60 and HSP70 are unique compared to other PAMPs 
in that they are expressed in procaryotic and eucaryotic cells. Both, exogenous (bac- 
terial) and endogenous (human) HSP60 or HSP70 share in each case a high degree 
of structural similarity which may explain that bacterial and eucaryotic HSP60 or 
HSP70 also share the ability to activate dendritic cells or macrophages [19]. Taken 
together, pathogen-derived HSP60 and HSP70 could not only signal danger in infec- 
tious bacterial diseases, but eucaryotic HSP60 and HSP70 could also signal sterile 
inflammatory processes in host tissues during autoimmune diseases or malignancies. 
Of note, a recent publication demonstrated that HSPs are released during necrotic 
but not apoptotic cell death and that the released HSPs are able to activate and 
mature dendritic cells [10]. 



Cell surface receptors specific for HSPs expressed on macrophages and 
dendritic cells 

As discussed above, HSPs efficiently induce activation of macrophages and dendrit- 
ic cells. Therefore, one or several cellular receptors were postulated that bind the 
different HSPs to initiate an intracellular signal cascade. Indirect evidence support- 
ed this postulate since gp96 and HSP90 showed a specific and saturable binding to 
GDI lb-positive cells [20]. Interestingly, the gp96-related HSP90 competed with 
gp96 binding, whereas HSP70 (although interacting effectively with GDI lb-positive 
cells) was poor in this respect. The molecular definition of a HSP-receptor was 
achieved first by Srivastava and colleagues. They reported, that CD91, also known 
as a2-macroglobulin receptor, is able to bind eucaryotic HSP70, HSP90 and gp96 
[21, 22]. The interaction is direct and not mediated via other ligands [21]. In con- 
trast to human HSP70, mycobacterial HSP70 appears to use a different receptor. As 
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demonstrated recently, stimulation of the monocytic cell line THPl with mycobac- 
terial HSP70 to produce the chemokine RANTES is dependent on CD40 since anti- 
bodies specific for CD40 suppress activation [23]. Further, only CD40-transfected 
HEK293 cells are able to produce RANTES upon stimulation with mycobacterial 
HSP70. To explain the difference to human HSP70 the authors speculated that 
eucaryotic and procaryotic HSP70 may use different receptors. Still another recep- 
tor, unrelated to CD91, appears to be involved in the binding of HSP60. A recent 
publication reported that the interaction of fluorescence dye-labeled HSP60 with 
macrophages was saturable and could only be blocked by unlabeled HSP60, but not 
by HSP70, HSP90, or gp96, indicating specificity for a putative receptor for HSP60 
[24]. Interestingly, HSP60 binding seemed to occur in the absence of TLR4 (see 
below), whereas HSP60-induced cytokine release depended on TLR4 [24, 25]. Since 
the HSP60-induced intracellular signaling also depends on CD14 [26], the mono- 
cyte binding receptor for endotoxin, it is tempting to speculate that CD 14 might 
also bind HSP60, but data in support of this hypothesis are lacking. Interestingly, 
HSP70-induced activation of NF-kB reporter constructs also appears to be depen- 
dent on CD14 [16]. In summary, albeit HSP60, HSP70 and gp96 share the ability 
to stimulate monocytes and dendritic cells, HSP60 appears to interact with a recep- 
tor distinct from CD91, the binding receptor for HSP70 and gp96. 



Toll-like receptors are involved in the recognition of HSPs 

The discovery of the Toll-like receptors pointed out that innate immune cells pos- 
sess a sophisticated system to recognize conserved and vital key structures of micro- 
organisms. As mentioned above ligand(s) for most of the TLRs, with the exception 
of TLRIO, are defined [27]. TLR2 is remarkable in that it appears to be involved in 
the recognition of multiple ligands. This contrasts to TLR9 which until today has 
only one defined ligand, bacterial DNA [28]. The ability of TLR2 to sense a variety 
of ligands may at least in part be explained by its ability to form heterodimers with 
TLRl or TLR6, thus displaying a new ligand specificity. For example, TLR2 co- 
transfected with TLR6 recognizes a diacylated lipoprotein from mycoplasma, the 
mycoplasmal macrophage-activating lipopeptide-2 kD (MALP-2) [29], whereas 
TLR2 together with TLRl detects triacylated lipoproteins [30]. The formation of 
heterodimers seems to be required for TLR2-initiated intracellular signaling. This is 
inferred from experiments where transfection of the cytoplasmic domain of TLR2 
does not result in TNF-production in macrophages; however, co-transfection of the 
cytoplasmic domains of TLR2 together with TLRl or TLR6 induces TNF-secretion 
in macrophages [31]. In contrast to TLR2, the cytoplasmic domain of TLR4 appears 
to be autonomous for the initiation of signaling [31]. The potential involvement of 
TLRs in the recognition of HSPs was first described by Ohashi et al. who demon- 
strated that human HSP60 stimulated murine macrophages to secrete TNF and 
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nitric oxide only in the presence of a functional TLR4 [25]. Also, recombinant 
HSP60 from Chlamydia pneumoniae activates macrophages in a TLR4-dependent 
fashion [32], implying that the recognition of HSP60 from procaryotic and eucar- 
yotic cells is similar. In addition, HSP60 is also recognized via TLR2. Thus, chlamy- 
dial or human HSP60 activates an NF-KB-reporter construct in TLR2- or TLR4- 
transfected HEK293 cells [7] and dendritic cells derived from TLR2- or TLR4-de- 
ficient mice are impaired to recognize chlamydial HSP60 [9]. Overall these 
experiments led to the conclusion that TLR2 as well as TLR4 are involved in the 
recognition of bacterial and human HSP60. Also, the recognition of human HSP70 
appears to rely on TLR2 and TLR4 since only HEK293 cells transfected with either 
TLR2 or TLR4 activate NF-kB upon stimulation with human HSP70 [13, 16]. 
Finally, the same TLR-dependency was described for the activation of dendritic cells 
by gp96 using TLR4- or TLR2/4-double-deficient cells [33]. 

Several points of FlSP-recognition by dendritic cells (or macrophages) are 
remarkable. First, the cells detect apparently three structurally-unrelated ITSPs using 
identical molecular tools, i.e., TLR2 and TLR4. This raises the question whether the 
different HSPs share a common motif which is recognized by TLRs. Alternatively, 
since CD14 is also involved in the detection of at least HSP60 and HSP70, this mol- 
ecule might be responsible to recruit TLR2 and TLR4 after interaction with one of 
the three different HSPs. Second, do TLR2 and TLR4 co-operate for the detection 
of HSPs? As discussed above TLR4 was described to signal independently of other 
TLRs whereas TLR2 appears to need a partner. Therefore one could envisage that 
TLR4 could act autonomously and TLR2 may interact with other, yet undefined 
TLRs which are specific for HSP60, HSP70, or gp96. In an alternative scenario 
TLR2 and TLR4 may form a heterodimer for the detection of HSPs. Third, the 
importance of TLR2 or TLR4 to initiate cellular responses after detection of HSPs 
may vary with the type of cellular response. For instance, IL-12p40 production by 
dendritic cells after stimulation with HSP60 is equally dependent on TLR2 and 
TLR4. However, TNF-secretion depends almost completely on TLR2 [9]. This 
implies that TLRs possess individual signaling qualities, even though they appear to 
induce a common signal cascade (see below). 



The intracellular signal cascade induced by HSPs in macrophages and 
dendritic cells 

The intracellular signal cascade triggered by HSP60, HSP70 and gp96 in monocyt- 
ic cell lines or dendritic cells appears to be similar. This is not surprising as all three 
HSPs are sensed by TLR2 and TLR4. Both human and chlamydial HSP60 activate 
the stress-induced protein kinases p38 and JNKl/2, the mitogen-activated protein 
kinases ERKl/2, and the IkB kinase (IKK) in the macrophage cell line RAW264.7 
[7]. Activation of JNKl/2 and IKK depends on myeloid differentiation factor 88 
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(MyD88) [7, 32], an important adaptor molecule of the Toll/IL-IR signal pathway 
which is recruited to the cytoplasmic TIR-domain (Toll/Interleukin 1 receptor) of 
TLRs upon TLR-ligand interaction (Fig. 1). Activation of both kinases requires in 
addition TNF-receptor associated factor 6 (TRAF6) [7], another crucial member of 
the Toll/IL-IR signal pathway downstream of MyD88 (Fig. 1). Similarly, HSP70- 
induced activation of IL-12 and ELAM-1 promotors in RAW264.7 macrophages 
depends on MyD88 and TRAF6 [13] and F1EK293 cells, that stably express TLR4, 
activate NF-kB reporter constructs MyD88-dependently upon stimulation with 
HSP70 [16]. Finally, gp96 also triggers the activation of JNK, p38, and ERK [33], 
presumably via MyD88 and TRAF6, although this is not proven experimentally. 
Interestingly, endocytosis of HSP60 and gp96 by macrophages and dendritic cells, 
respectively, appears to be a prerequisite for the induction of the intracellular signal 
cascade by these two HSPs [7, 33], whereas other microbial stimuli like endotoxin 
do not require endocytosis for signaling. The subsequent signal steps, however, of 
bacterial and human HSP60, human HSP70 and human gp96 appear to be identi- 
cal to each other and to other TLR-ligands. 



How do dendritic cells or macrophages get access to HSPs? 

HSPs of eucaryotic cells are intracellular molecules, which are not secreted. The pri- 
mary localization of human HSP60 is the mitochondrium [34], human HSP70 is a 
cytosolic protein [10], and gp96 resides in the endoplasmic reticulum [35]. Thus, the 
question arises how do HSPs come into contact with dendritic cells or macrophages 
to induce their activation. One possible way was reported recently in that cells dying 
due to necrosis but not apoptosis release HSPs, in particular HSP70, HSP90, and 
gp96 [10]. In parallel necrotic but not apoptotic cells are able to stimulate dendrit- 
ic cells [10], implying the possibility that the cells were activated via HSPs, although 
this is not proven. On the other hand a minor fraction of human HSP60 found in 
CHO cells seems to be localized at the cell membrane as shown by biotin-labeling 
of the cell surface and subsequent immunoprecipitation [34]. Furthermore, some 
tumor cells express HSP70 on the cell surface [36]. This was also shown for gp96 
[35]. The latter observations raise the possibility that intact cells expressing HSPs at 
the cell membrane might directly stimulate cells of the innate immune system. 

In the case of bacterial HSP60, there is evidence that micro-organisms shed their 
HSR For instance, immunoelectron microscopy revealed that a GroEL-like molecule 
from Actinobacillus actinomycetemcomitans can be found in the extracellular space 
surrounding the bacterium [37]. In contrast, Dna-K like molecules were mostly 
found in the cytoplasm of A. actinomycetemcomitans indicating that this observa- 
tion was specific for the GroEL-like molecule. Furthermore, HspB, a GroEL 
homolog from Helicobacter pylori^ was associated with the outer membrane of the 
bacterium [38]. In addition, other bacteria like a virulent Legionella strain. 
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Figure 1 

Upon ligand stimulation with HSP60, MyD88 is recruited to the cytoplasmic domain of the 
TLR (TIR-domain) and autophosphorylation of interleukin-1 -receptor associated kinase 
(IRAK) is triggered through the binding of its death-domain to that of MyD88. Activated 
IRAK is then released from the receptor-complex, binds and activates TRAF-6 (TNF receptor- 
associated factor 6) to stimulate the IkB kinase complex (IKK). Subsequently, IkB is phos- 
phorylated and degraded, leading to the translocation of NF-kB into the nucleus. In parallel, 
TRAF-6 also activates the mItogen-actIvated protein kinase pathway (MKKKs), namely the 
stress-activated protein kinases p38 and janus-kinase 1/2 (JNK1/2) and the mitogen-acti- 
vated kinases ERK1/2 (extracellular signal -regulated kinases) leading to binding of the tran- 
scription factors to the AP-1 site. Hereby, expression of pro-inflammatory cytokines is initi- 
ated. 
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Figure 2 

(A) Infected epithelial cell secretes chemokines and cytokines to attract macrophages and 
dendritic cells CMO; macrophages, iDC: immature dendritic cells, HSP60: heat shock protein 
60); (B) The recruited macrophages and dendritic cells are activated by HSP60 released from 
the infected celt via TLR2 and TLR4/MD-2 and CD14 (TLR2/TLR4: toll-iike receptor 2/4); 
(C) Activated dendritic cells and macrophages release pro-inflammatory cytokines e.g., TNF, 
IL-12, IL-6 (mDC: mature dendritic cells). 
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Mycobacterium leprae and Salmonella typhimurium were reported to express 
HSP60-homologs on the cell surface [39-41]. We demonstrated recently that HSP60 
of the obligate intracellular bacterium Chlamydia pneumoniae is present in the cul- 
ture supernatant of infected epithelial HEp2 cells and that transfer of the super- 
natant to dendritic cells stimulates the cells in a TLR2/4 dependent fashion [9]. A 
proposition of how bacterial HSP60 could activate innate immune cells during an 
infection, in this case with C. pneumoniae^ is demonstated in Figure 2. Thus, C. 
pneumoniae-mitcltd HEp2 cells secrete IL-8 and probably other chemokines to 
attract macrophages and dendritic cells to the site of infection. In parallel, the on- 
going chlamydial infection produces HSP60 which through ill-defined mechanisms 
is present in the extracellular space and triggers immigrating cells via TLR2 and 
TLR4 to secrete pro-inflammatory cytokines. Similar scenarios can be envisaged for 
other bacterial infections as exemplified above. 



Concluding remarks 

Recent years have witnessed an amazing progress in our knowledge of the mecha- 
nism how HSPs activate the innate immune system, in particular macrophages and 
dendritic cells. We now know some of the surface receptors which bind HSPs and 
the receptors involved to sense HSPs in order to initiate the intracellular signal cas- 
cades resulting in pro-inflammatory cellular responses. However, our knowledge is 
still limited as to how in vivo endogenous or exogenous (bacterial) HSPs become lib- 
erated to be able to act as ligands for TLRs expressed by cells of the innate immune 
system. Furthermore, scarce information is available whether HSPs purified to 
homogeneity are still able to trigger inflammatory responses in vivo. Until now only 
subcutaneous injection of gp96 was reported to induce immigration of dendritic cells 
in the local draining lymph node [17]. Thus, it remains to be seen whether all the 
pro-inflammatory reactions induced by HSPs in vitro will also occur in vivo. Only 
this approach will allow us to analyze the immunopathological potential of HSPs. 
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HSP60 - A molecular link in innate and adaptive immunity 

The main functions ascribed to heat shock proteins (HSP) are to act as chaperones 
of nascent or aberrantly folded proteins [1]. However, it has been shown that HSP 
purified from tumour and virus infected cells are also capable of eliciting a protec- 
tive CTL-mediated immunity [2-4]. Preparations of HSP70 and gp96 are able to 
activate antigen specific T-cells and the uptake of HSP/peptide complexes is most 
likely mediated by receptors that are expressed on the cell surface of antigen-pre- 
senting cells (APC) including macrophages and dendritic cells [5, 6]. Besides the 
effective delivery of HSP-associated peptides into the major histocompatibility com- 
plex (MHC) Class I restricted antigen-presenting pathway, human and murine 
monocytes have been found to mount pro-inflammatory responses when incubated 
with HSP molecules [7-9]. 

The addition of human recombinant HSP60 induced the up-regulation of co- 
stimulatory molecules on APC and the release of cytokines like IL-1, IL-6 and TNF- 
a. HSP60 signalling is mediated by CD14 and toll-like receptor (TLR)-4 [9-11]. 
TLR-4 is a pattern recognition receptor (PRR). This class of receptor recognizes dif- 
ferent sets of homologous molecules, pathogen-associated molecular patterns 
(PAMP) with housekeeping functions in pathogens [12]: PAMPs are essential for 
pathogen survival and therefore, in contrast to virulence factors, highly conserved 
among micro-organisms of a given class. It has been shown before that toll-like 
receptors are involved in the recognition of PAMPs, e.g., TLR-4 mediates lipo- 
polysaccharide (LPS) induced signalling events [13], whereas other TLRs recognize 
bacterial products like CPG-motifs and flagellin [14] or viral products like double- 
stranded RNA [15]. 

In addition to its ability to activate professional APC, human HSP60 also influ- 
ences the activation of T-cells [16-18]. We have recently shown that the addition of 
HSP60 to cultures containing peritoneal exudate cells (PEC) and ex vivo purified T- 
cells, expressing transgenic MHC Class I or MHC Class II restricted T-cell receptors 
(TCR), specifically induce a release of IFN-y. Here we discuss the impact of HSP60 
on the activation of cells from the innate and adaptive immune system. 
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Figure 1 

HSPGO-induced IFN-y secretion in DO11.10 spleen cells. 

DO11.10 mice-derived spleen cells 2x10^ /well were incubated with (black bars) or without 
(hatched bars) synthetic OVA 323-339 peptide (10 ng/ml) in the presence of indicated 
amounts of FISP60 for three days. IFN-y in the supernatant was determined by ELISA. Results 
are presented as means +/- SD of triplicates. 



HSP60 predominantly activates naive T-cells 

Our earlier results revealed that HSP70 and gp96 preparations can activate long- 
term cultured cytotoxic T-cells irrespective of the source of HSP and irrespective of 
the HSP associated peptides [19]. Since it has been shown in the literature that 
HSP60 preparations stimulate professional APC [9], we asked whether a naive T- 
cell response is also influenced by HSP60. To this end, we employed the mouse 
strain DOll.lO [20], which expresses a transgenic T-cell receptor (TCR), as a 
source of naive T-cells with defined specificity. As shown in Figure 1, titrated 
amounts of HSP60 lead to an increased release of IFN-y by DOll.lO spleen cells 
that had been stimulated with a suboptimal dose of the antigenic peptide. In con- 
trast to the elevated levels of IFN-y in the presence of HSP60, proliferation and IL- 
2 secretion were not changed in cultures containing HSP60. 

Naive and effector T-cells display marked differences in their activation kinetics 
and in their requirements to pass a given threshold for complete activation [21]. 
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• +Ag/HSP60 ■ +Ag 



Figure 2 

Accelerated and enhanced IFN-y secretion in naive CD4-positive T-cells in FiSPSO contain- 
ing cultures. 

DO11.10 naive (5x10'^/well) or effector (2. 5x1 O'* /well) T-cells were Incubated with 5x10* 
OVA pulsed (filled symbols) or unpulsed (open symbols) BALB/c-derived (pristane- Induced) 
PEC in the presence (circles) or absence (squares) of HSPSO (10 pg/ml). IFN-y in the super- 
natants was determined by ELISA at the Indicated time points. Results are presented as 
means +/- SD of triplicates. 



Thus, naive T-cells in general need a prolonged contact phase with APC, higher 
amounts of antigen and are strongly dependent on a sufficient expression of co-stim- 
ulatory molecules. To determine whether HSP60 as a potential danger signal could 
lower the activation threshold of naive T-cells and could accelerate the stimulation 
kinetics, we used purified naive and effector DO 11. 10 transgenic T-cells and incu- 
bated these T-cells with defined populations of professional APC in the absence or 
presence of HSP60. The addition of HSP60 increased the IFN-y secretion of naive 
T-cells to the level produced by effector T-cells and induced IFN-y at early time 
points, when the antigenic stimulus alone was not sufficient to trigger significant 
amounts of IFN-y. Even in the absence of antigen, the addition of FISP60 induced 
clearly detectable amounts of IFN-y in the cultures (Fig. 2). Most of the “antigen 
independent” IFN-y in the supernatant was produced by the co-culture of T-cells 
and PEC, since PEC cultured alone secreted only minor amounts of IFN-y and T- 
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cells alone no IFN-y at all. In contrast to naive T-cells, DO 11.10 effector T-cells, 
which had been re-stimulated once in vitro, secreted large amounts of IFN-y when 
cultured with PEC in the presence of antigen. The addition of HSP60 to effector T- 
cells increased the amount of detectable IFN-y, but to a significantly lower extent 
than compared to naive DOll.lO T-cells. 

Taken together these results indicated that HSP60 partially activates naive T- 
cells, up-regulating the pro-inflammatory cytokine IFN-y and inducing cell surface- 
expressed activation markers like CD25 and CD69 (not shown, [16]), but leaving 
the proliferative response of the T-cells unchanged. These findings suggest a role for 
HSP60 as a “danger signal” [22] for T-cells, a prominent cellular subpopulation 
within the adaptive immune system. 



HSP60 induces IFN-y in DX5-positive spleen cells - predominantly natural 
killer cells 



Although the involvement of the evolutionary ancient TLR in HSP60 mediated sig- 
nal transduction has been clearly demonstrated [10], it was not known whether 
innate effector cells of the immune system - like natural killer (NK) cells [23] - are 
activated as a consequence of HSP60 mediated activation of APC, or alternatively 
directly by HSP60. Since the employed spleen cells of normal or TCR-transgenic 
mice contained up to eight percent DX5-positive NK or possibly NKT cells [24], we 
asked whether these cells might contribute to the HSP60 induced production of 
IFN-y. To this end we performed a series of double-staining experiments, shown in 
Figure 3, employing the surface molecule DX5 to identify NK and NKT cells and 
the TCR clonotypic mAb KJI-26 (“DOll.lO TCR”) to stain the antigen-specific T- 
cells. Analysis of the stained cells revealed that the addition of HSP60 does not 
affect the secretion of IL-2, nor do DX5-positive cells express IL-2 at all. Although 
the amounts of IFN-y detectable in the supernatants in the presence of HSP60 are 
more than doubled in most of the experiments (compare Fig. 1), the absolute num- 
ber of KJI-26 or DX5-positive cells producing IFN-y is low. As shown in Figure 3, 
only a minority of KJI-26 or DX5-positive cells express IFN-y intracellularly. In 
order to determine whether DX5-positive cells are the main responsive population 
to HSP60, we analyzed the response in mice lacking NKT cells and on the other 
hand we made use of Rag“^“ mice which lack conventional lymphocytes, but do con- 
tain enriched numbers of NK cells. 

In T-cells expressing a transgenic TCR, the DX5-positive cells may represent NK 
or activated T-cells [25]. To address if NKT cells, which mainly express a conserved 
Val4 and Ja281 containing T-cell receptor a-chain [26], can contribute to FISP60- 
dependent production of IFN-y, we made use of Ja281 gene targeted mice which 
lack conventional NKT cells [27]. As shown in Figure 4A, spleen cells which were 
activated with titrated amounts of a CD3-specific mAb responded with a compara- 
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Figure 3 

Activation of DX5-positive cells by HSP60. 

Nylon wool enriched DO11.10 T-cells (2 x10^/well) were incubated with 1x10^ OVA pulsed 
("OVA") or unpulsed ("medium") PEC in the absence or presence of 10 pg/ml HSP60 
("+HSP60"). Brefeldin-A was added for the last five hours of cultures and non-adherent cells 
were collected and IL-2 and IFN-ywere detected by intracellular FACS-stainings. To stain 
DO11.10 transgenic T-cells the TCR-clonotypic mAb KJI-26 was used; to detect NKT and 
NK-cells we employed a DX5-specific mAb (Pharmingen, Fleidelberg, Germany). 
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Figure 4 

Jo281~^~ spleen cells produce high amounts of IFN-yin response to FISP60. 

(A) Spleen cells (2x10^ /well) from C57BL/6 and Ja281~^~ mice were incubated together 
with titrated amounts of a CD3-specific mAb (145-2C11) in the absence or presence of 
HSP60 (10 pg/ml). 

(B) C57BL/10 (grey bars) and Rag-1~'~ (dark grey bars) spleen cells (2x10^/well) were incu- 
bated in the absence or presence of titrated, native or heat inactivated FISP60 
(HSP60''heat"; 10 pg/ml). 

The levels of IFN-yin the supernatants were analyzed with cytokine specific ELISA. 



ble increase of IFN-y secretion in the presence of HSP60. Thus, probably NK cells - 
and not primarily NKT cells - are responsible for the observed secretion of IFN-y in 
the presence of HSP60. To further investigate whether NK cells respond to HSP60, 
we employed spleen cells from Rag~^" mice as a pure T- and NKT cell-free source for 
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NK cells. Titrated amounts of HSP60 led to an increased release of IFN-y into the 
culture supernatants of Rag-1“^“ spleen cells in the absence of any further stimula- 
tion. In spleen cells from C57BL/10 control mice, significantly less IFN-y could be 
detected when HSP60 was added to the cells (Fig. 4B). These results sustain the pre- 
vious experiments, showing that FISP60 can stimulate NK cells in the absence of T- 
cells to secrete IFN-y. 



CD14 - a crucial receptor for HSP60-mediated signalling events 

CD 14 interacts with microbial products like LPS and can mediate activation of 
macrophages and dendritic cells promoting an innate immune response [28]. Recent 
studies have shown that HSP60-induced activation of monocytes is also related to 
the expression of the CD14 molecule [11]. To analyze whether HSP60 also binds to 
CD 14 directly, we used CHO cells transfected with a cDNA encoding for the human 
CD14 [29] molecule and Alexa488-labelled human HSP60 (FISP60-ALEXA). The 
binding of HSP60 to CHO-CD14 cells is saturable (Fig. 5A), indicating a specific 
receptor/ligand interaction, especially since at high HSP60 concentrations no unspe- 
cific binding to control CHO-DHFR cells was observed. The binding of labelled 
HSP60 to CHO-CD14 cells does not depend on LPS-binding protein (LBP, [30]) or 
soluble CD14 molecules which are components of the serum, since washed cells in 
the absence of FCS also exhibited a comparable binding to CHO-CD14 cells, where- 
as binding of FITC-labelled LPS was completely abolished. These results reveal that 
CD 14 not only plays an important role for HSP60-mediated signalling events in 
cells from the innate immune system, but also represents a specific binding receptor 
for HSP60 [31]. Binding of HSP60 to CD14 is independent of serum components 
like LBP and thus can be differentiated from the mode of LPS interactions with the 
CD 14 receptor. 

To analyze whether CD 14 is the only receptor for HSP60 or whether multiple 
HSP60 receptors exist, we made use of CD 14 gene-targeted (CD 14“^-) mice which 
have been shown to be defective in response to LPS. As shown in Figure 5B, surface- 
staining of macrophages from CD14-positive mice (CD14+^^) with HSP60-ALEXA 
can be competed with an excess of unlabelled HSP60, but only weakly with HSP70 
and not with BSA as a control. Bone marrow macrophages from homozygous 
CD14“^“ mice could also be stained with HSP60-ALEXA. Again, HSP60-ALEXA 
binding could be competed with an excess of unmodified HSP60 but not with 
HSP70. These results indicate that, independently of CD 14, a second receptor 
(-complex) on the surface of macrophages exists which can specifically interact with 
HSP60. The biological activity of HSP60, thus, is not exclusively dependent on the 
presence of CD14, although there is a quantitative correlation between CD14 
expression and the activation of APC. Flence, the results obtained with the help of 
CD14"^‘ mice allowed the identification of a second CD14 receptor, the molecular 
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Figure 5 

HSP60 binds human CD 14. 

(A) Titrated amounts of biotinylated HSP60 were added to CHO-CD14 and control CHO- 
DHFR cells. Shown is the mean fluorescence intensity of the analyzed cells. 

(B) 2 jjg FISP60-ALEXA was incubated together with 1x10^ bmM0 from CD14"^'~ or 
CD14~'~ mice. FACS-analysis ('"mean fluorescence intensity") of CD14 bmM0 in the 
absence of competitor or in the presence of un label led FISP60 (100 pg), HSP70 (100 pg) or 
BSA (100 pg) Is shown. 



structure of which is awaiting further characterisation. In this context, it is interest- 
ing to note that, for LPS, an alternative receptor complex has recently been identi- 
fied [32]. 
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Concluding remarks 

HSP60 plays a dual role in the course of T-cell activation: HSP60 stimulates 
cytokine secretion in antigen-presenting cells and furthermore, it enhances and 
accelerates the activation of predominantly naive T- and NK-cells, mainly by induc- 
ing IL-12 in macrophages. Our results - that effector T-cells are influenced by 
HSP60 to a much lower extent than naive T-cells - are in accordance with the model 
of a danger signal that is necessary for enhancing primary T-cell responses [33]. 

The activation of professional APC by HSP60 is mediated by evolutionary-con- 
served proteins, like CD 14 and toll-like receptors, and has immediate consequences 
for the cellular immune response. The release of chemo-attractant chemokines from 
the APC recruits T-cells and the infiltrating T-cells are then completely activated by 
recognizing processed peptide fragments of bacterial or viral pathogens in a pro- 
inflammatory environment. HSP60, thus, would act as an initiator of an adaptive T- 
cell response. We take our results as an indication that HSP60 may act as a molec- 
ular link between the innate immune system, employing toll-like receptors on APC 
and the adaptive immune system, and enhancing and accelerating the stimulation of 
naive T-cells (Fig. 6). 

While interactions of cells with HSP60, either directly with professional APC, or 
indirectly with T-cells via cytokines (e.g., IL-12, [34]) released from APC, have been 
established in previous reports, FlSP-mediated effects on NK and NKT-cells have 
not been addressed. NK cells are not only stimulated to secrete IFN-y in the pres- 
ence of HSP60 and APC but represent the major source for the HSP60-induced IFN- 
y. The HSP60-mediated activation occurs via an IL-12 dependent mechanism, since 
IL-12 can reconstitute the effects of HSP60 in the presence of professional APC, 
whereas APC from IL-12“^“ mice cannot induce elevated levels of IFN-y [16] in the 
presence of HSP60. Although IL-12 is of central importance for HSP60 induced 
IFN-y production, other factors are also required, since recombinant IL-12 in the 
absence of APC could not reconstitute the observed HSP60 effects on T- and NK 
cells. 

The use of recombinant proteins in cellular assay systems requires a careful 
analysis of potential bacterial contaminants. To this end we performed several con- 
trols to minimize the contributions of bacterial products in the analysis of our 
results: First, heat denaturing of the HSP60 preparations abrogated the induction of 
cytokines, whereas LPS-induced effects were still detectable. Second, the LPS 
inhibitor Polymyxin-B had no effect when added to HSP60-containing cultures, 
whereas LPS-mediated effects were completely blocked. Third, the comparison of 
F1SP60 preparations containing different amounts of LPS and “low endotoxin” 
HSP60, that was virtually LPS-free, revealed that the biologic activity of the various 
HSP60 preparations did not correlate with the degree of LPS contamination [35]. 
Fourth, incubation of PEC in serum-free medium completely abrogated the release 
of pro-inflammatory cytokines induced by LPS, since the LPS-binding protein is 
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Figure 6 

Scheme of HSP60 mediated T-cell activation. 

HSP60 released from necrotic cells (or LPS as a pathogen associated molecular pattern, 
"PAMP") binds and trigger pattern recognition receptors (PRR) CD14 and TLR-4 ("1 "). Acti- 
vation of the APC leads to IL-12 secretion ("2", and to the secretion of other cytokines) 
which in turn stimulates T- and NK cells to release IFN-y. NK cel I -derived IFN-y ("3") may 
further contribute to the activation of T-cells and accelerate T-cell triggering. As a direct con- 
sequence of released FISP60, naive T-cells can be fully stimulated following recognition of 
MFiC/ peptide complexes by the antigen-specific T-cell receptor ("4"). 



missing under these conditions. In contrast, HSP60 still activated PEC in serum-free 
cultures, albeit at slightly reduced levels. This result again indicates that HSP60 - 
and not contaminating LPS - is responsible for the observed increased levels of 
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cytokines. Moreover, at least concerning the HSP60 binding assays, minute conta- 
minations of bacterial products in the HSP60 preparations can be neglected for the 
interpretation of the data, since at least 200 ng of fluorescein isothiocyanate (Fitc)- 
LPS was needed to show direct binding to CD14-transfected CHO cells and even 
larger amounts of unlabelled LPS were necessary to compete biotinylated or 
ALEXA4 8 8 -labelled HSP60. Although we cannot rule out that other bacterial con- 
taminants are contributing to the interaction with CD 14, the high purity of the 
employed HSP60 batches as well as the “non-binding” of recombinant HSP70 and 
purified BSA control proteins argue against contaminations within the employed 
HSP60 batches being responsible for the observed effects. 

HSP60 obviously acts on a variety of different immune cells, and thus might alert 
immunological responses. A central player in the HSP60-mediated IFN-y secretion 
is IL-12, which is known to have important functions in inducing protective TFll 
responses in mice. It will be interesting to learn how the expression of a secreted as 
well as a membrane-anchored eukaryotic form of HSP60 induce IL-12 (and other 
cytokines) in a defined microenvironment in vivo to investigate its stimulatory 
capacity in tumour and infectious disease models, too. Future findings employing 
different eukaryotic HSP60 expression-constructs may provide further insight into 
the molecular mechanisms by which extracellular HSP in general activate the 
immune system. 
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Introduction 

Rheumatoid arthritis (RA) is a multi-factorial, human autoimmune disease, charac- 
terised by inflammatory and proliferative synovitis that exhibits invasive and 
destructive features [1]. As yet, the underlying pathogenic mechanisms of RA 
remain poorly understood. In order to help gain a better understanding of the dis- 
ease, several animal models of RA have been developed and have been widely stud- 
ied. Although these models can be very instructive, no one model reflects all aspects 
of the human disease illustrating the complexity and heterogeneous nature of RA 
(Tab. 1). 



Initial evidence for the involvement of HSP in arthritis 

Heat shock proteins (HSP) are ubiquitous, housekeeping proteins essential for many 
cellular processes in prokaryotic and eukaryotic organisms [17]. Based on their mol- 
ecular weight, HSP are divided into four main families of structurally related pro- 
teins: HSP90, HSP70, HSP60 and small HSP. The expression of HSP is elevated 
under a variety of stressful conditions such as a rise or fall in temperature, oxidative 
stress, irradiation, infection and exposure to toxic chemicals [18]. A prominent fea- 
ture of these proteins is the extraordinary high conservation of amino acid sequence 
throughout the prokaryotic and eukaryotic kingdoms. For example, mycobacterial 
HSP65 is 48% homologous with human HSP60 [19]. However, despite this 
sequence conservation, HSP have become immunodominant target antigens for the 
mammalian immune system [20]. 

Evidence for a role of heat shock proteins (HSP) in autoimmunity first came to 
light in the mycobacteria-induced model of adjuvant arthritis (AA). Seminal work 
by Cohen and colleagues identified a T-cell line raised against Mycobacterium tuber- 
culosis, namely A2, which could evoke disease when transferred to sub-lethally irra- 
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Table 1 - Widely studied experimental models of arthritis 



Non-specific induction 



Spontaneous onset 
MRL-lpr/lpr mouse [2] 
Ageing male DBA-1 mice [3] 



Injection of mineral oil or non-immunogenic adjuvants 

Mice injected with the paraffin oil pristane (pristane induced arthritis: PIA) [4] 

Rats injected with avridine (lipidal amine CP20961) in oil (avridine induced arthritis: AIA) [5] 



Other oil arthritides: 

Rats injected with Incomplete Freund's adjuvant (IFA) (oil induced arthritis: OIA) [6] 
Rats injected with pristane (rat pristane induced arthritis: PIA) [6, 7] 

Rats injected with squalene in oil (squalene induced arthritis: SIA) [8] 



Specific induction 



Characterised inducing immunogen 

Mice [9], rats [10] and primates [11] injected with heterologous Type II collagen (collagen 
induced arthritis: CIA) 

Mice injected with heterologous cartilage proteoglycan [12] 



Microbial agent 

Rats injected with heat killed Mycobaterium tuberculosis [13] or the mycobacterial cell wall 
component muramyl dipeptide (MDP) [14] 

Rats injected with streptococcal cell walls (streptococcal cell wall-induced arthritis: SCWA) 
[15] 

Rabbits injected with E. coli [16] 



diated, naive recipient rats. Paradoxically, when this same T-cell line was adminis- 
tered to non-irradiated recipients, the animals became resistant to the induction of 
disease [21]. After dissection of the parental cell line into individual clones, it was 
found that one clone, designated A2b, was arthritogenic and another, A2c, con- 
ferred protection from arthritis [22]. Further important studies by van Eden and col- 
leagues identified that both clones responded to the same amino acid sequence 
180-188 of mycobacterial HSP65 [23]. 

These findings not only suggested an essential role for antigen-specific T-cells in 
disease induction, but also proposed a pathogenic and more importantly, a protec- 
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Table 2 - Models of arthritis protected from disease development by HSP administration 



HSP 


Model 


Reference 


Mycobacterial HSP65 


Adjuvant arthritis 


[23] 


Mycobacterial HSP65 


SCWA 


[26] 


Mycobacterial HSP65 


Pristane induced arthritis 


[27] 


Mycobacterial HSP65 


Collagen induced arthritis 


[24] 


Mycobacterial HSP65 


Avridine arthritis 


[24] 


Mycobacterial HSP65 DMA 


Adjuvant arthritis 


[28] 


Mycobacterial HSP65 delivered by Vaccinia 


Adjuvant arthritis 


[29] 


Human HSP60 DMA 


Adjuvant arthritis 


[30] 


Mycobacterial HSP10 


Adjuvant arthritis 


[31] 


Mycobacterial HSP70 


Adjuvant arthritis 


[32] 


Escherichia coli HSP70 


Adjuvant arthritis 


[33] 


BiP (HSP70 family) 


Collagen induced arthritis 


[34] 


BiP (HSP70 family) 


Adjuvant arthritis 


[34] 



tive role for HSP65 in AA. Further evidence for a role of HSP in experimental arthri- 
tis came from the finding that rats mounted significant anti-HSP65 T-cell responses 
during AA. However, many attempts to induce arthritis by administering HSP65 to 
susceptible strains of rats were not successful [24]. Instead, protection from subse- 
quent disease induction was established. Furthermore, these effects were proven to 
be T-cell-mediated after it was demonstrated that protection from arthritis, afford- 
ed by transfer of cells from immunised animals to naive recipients, was dependent 
on the presence of HSP65-specific T-cells [25]. 

The discovery that HSP65 plays an important role in AA led to extensive inves- 
tigations into the protective role of HSP in various other models of arthritis 
(Tab. 2). 

As shown in Table 2, the protective effect of mycobacterial HSP65 is not just lim- 
ited to AA, a model in which mycobacteria are administered for the induction of dis- 
ease; rather protection is also seen in models where non-microbial agents are used 
to induce disease. Indeed, protective roles for HSP65 have been reported for pris- 
tane-induced arthritis (PIA) in mice [27] and to a more variable degree in collagen- 
induced arthritis (CIA) [24] and avridine arthritis [24]. Furthermore, HSP65 has a 
protective effect in other experimental autoimmune diseases, such as diabetes in the 
non-obese diabetic mouse [35] and experimental autoimmune encephalomyelitis 
[36]. In addition, more recent studies have shown that protection from arthritis can 
be afforded by pre-immunisation with additional members of the HSP gene families. 



71 




Rebecca J. Brownlie and Stephen J. Thompson 



including HSP70, HSPIO and BiP [31, 32, 34]. This illustrates the apparent general 
protective role of HSP in experimental inflammatory diseases. This protective 
capacity appears to be specific to the HSP family as other highly evolutionary-con- 
served proteins such as bovine myosin, bacterial superoxide dismutase, glyceralde- 
hyde-3-phosphate dehydrogenase (GAPDH) and aldolase fail to prevent disease in 
AA [37]. Furthermore, extensive studies of HSP-reactive cells identified immun- 
odominant T-cell epitopes within the parent molecules. In certain cases, the admin- 
istration of these epitopes as synthetic peptides could induce antigen-specific pro- 
tection against several of the disease models [38-41]. For example, subcutaneous 
administration of the HSP65 peptides, amino acids 180-188 or 256-265, prevent- 
ed the development of AA in Lewis rats [23, 38]. In addition, the delivery of pep- 
tide 180-188 from HSP65 and peptide 111-125 from HSP70 via the tolerogenic 
intra-nasal route ameliorated adjuvant arthritis [39, 41]. As far as PIA in CBA mice 
is concerned, the immunodominant epitope (corresponding to amino acids 261- 
271) from HSP65 was found to be protective when administered either intraperi- 
toneally, subcutaneously or intramuscularly either before or after the induction of 
arthritis [40 and unpublished observations]. Paradoxically, frequent intranasal 
administration of this same peptide exacerbated the development of PIA [42]. In 
these experiments, administration of this non-conserved, bacterial-specific epitope 
led to priming of pathogenic Thl cells rather than the induction of T-cell unrespon- 
siveness or tolerance. These data have important implications for the design of anti- 
gen or T-cell specific therapy for inflammatory diseases. Thus it is important to iden- 
tify antigens and dosing regimes that counteract but do not activate adverse immune 
responses. 



Environmental trigger of immune cell reactivity to HSP65 during disease 

Adaptive immune cell responses to HSP65 during experimental arthritis have been 
extensively investigated in order to gain a better understanding of the precise role 
this molecule plays in disease. Although in some models in which HSP65 has been 
shown to protect, such as CIA and avridine arthritis, T-cell responses to HSP65 are 
not significantly increased in diseased animals. By contrast, extensive studies have 
shown that lymph node and splenic T-cells taken from rats with AA [25] and strep- 
tococcal cell wall-induced arthritis (SCWA) [26] have been shown to respond to in 
vitro stimulation with HSP65. One could argue that this is not surprising since in 
the case of AA these data could be explained by experiments showing that HSP65 
is a potent immunogen, and is a component of the mycobacterial preparation that 
is injected into rats to induce disease. Similarly, it has been suggested that strepto- 
coccal cell wall antigens share epitopes with HSP65 [43], and further studies have 
shown that there is antigenic similarity between streptococcal M proteins and 
HSP65 [44]. 
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Adaptive immune responses generated against HSP65 during the course of AA 
and SCWA can potentially be explained by antigenic cross-reactivity between 
endogenous HSP and the preparations used to induce disease. However, the finding 
that the development of PIA (where no antigenic components are used to induce dis- 
ease) is also associated with increased levels of specific antibody and T-cell respons- 
es to HSP65 is less intuitive and suggests a more general role for these proteins [27, 
45]. In addition, data indicate that the anti-HSP65 antibody response of non-manip- 
ulated naive mice increases with age, directly correlating with the age-related sus- 
ceptibility to PIA [46]. 

Pristane induced arthritis is elicited by the intraperitoneal injection of the paraf- 
fin oil pristane (2,6,10,14-tetramethylpentadecane), which itself is non-immuno- 
genic [4, 47]. A number of theories have been proposed to explain how oil inject- 
ed in to the peritoneum can lead to increased T-cell responses to HSP65 and fur- 
thermore, induce arthritis. Pristane is an irritant and therefore may, due to 
intestinal inflammation, expose the immune system to gut microbes thus initiating 
a cross-reactive response to HSP65. Alternatively, inflammation caused by pristane 
injection could lead to the increased expression of endogenous HSP60 resulting in 
cross-reactive immune responses. The former supposition is given credence by the 
finding that specific-pathogen free mice maintained under sterile conditions in an 
isolator are resistant to the development of PIA. However, when these animals are 
returned to the normal “dirty” environment, disease susceptibility is restored [45]. 
Furthermore, mice maintained under sterile conditions show reduced levels of anti- 
HSP65 antibodies and T-cell reactivity [unpublished observations]. These studies 
demonstrate the importance of environmental antigens in priming for disease 
susceptibility. 

It is apparent that the role of the environment in disease induction differs 
depending on which experimental model is utilised. For example, studies of Fischer 
rats (a strain closely related to the AA-susceptible Lewis rat) have shown opposite 
findings to those reported in PIA. Fischer rats raised in a barrier facility are suscep- 
tible to the induction of AA, whereas animals raised in conventional conditions 
show considerably reduced disease [48]. Moudgil and colleagues have proposed an 
explanation for these findings. These investigators have reported that certain pep- 
tides encoded in the C-terminus of HSP65 can down-modulate AA when adminis- 
tered to naive Lewis rats [49]. Further studies by this group have indicated that con- 
ventionally housed naive Fischer rats, but not rats raised in a barrier facility, mount 
a T-cell response against these C-terminus derived peptides. They speculate that 
exposure to microbial agents in the environment primes T-cells that cross-react with 
these disease-modulating peptides [50]. In contrast, other studies comparing the role 
of bowel flora in three different models of arthritis induced in the rat (AA, CIA and 
OIA) report that disease induction is independent of gut flora [51]. Collectively, 
these reports highlight the complex relationship between environmental antigens, 
the immune responses to HSPs and disease development. 
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Mechanisms of protection in experimental arthritis 

Immunological cross-recognition of bacterial and endogenous HSP 

The expression of endogenous HSP60 in arthritic joints initially led many investi- 
gators to the hypothesis that this protein was an important target auto-antigen 
under immunological attack during disease progression. However, more recent find- 
ings have not supported this supposition. Indeed the induction of cross-reactive 
immunity to endogenous HSP has now been proposed to underlie the disease-mod- 
ulating effects of HSP65. Thus a substantial body of evidence that strongly favours 
this theory has accumulated, and suggests that it is the nature of the cross-reactive 
response that determines the protective outcome. It is known that inflammation 
leads to local up-regulation of endogenous HSP60 and HSP70 in the joints of 
rheumatoid patients [52, 53] and similarly, HSP60 expression is up-regulated in the 
joints of arthritic mice [46] and rats [54]. Furthermore, it has been shown by 
immunohistochemical analysis that HSP60 is expressed in murine thymic medullary 
epithelium [55], suggesting that the self HSP60-responsive T-cells detectable in 
healthy individuals are low affinity, positively selected, thymic-derived T-cells. These 
data support the idea that exposure to bacterial HSP65, either by immunisation, 
infection or from the gut flora, causes cross-stimulation of naturally, pre-existing, 
circulating self-HSP reactive T-cells. This is thought to lead to the expansion of T- 
cells with an anti-inflammatory or regulatory phenotype that cross react with up- 
regulated self HSP in inflamed joints and, subsequently, mediate suppression of 
inflammation (discussed in full below). 

Alternatively, an injection of incomplete Freund’s adjuvant (IFA) alone into the 
footpads of BALB/c mice resulted in acute inflammation and furthermore draining 
lymph nodes from these mice contained T-cells that responded to HSP65 [56]. The 
generation of T-cell clones from these lymph nodes enabled further analysis of the 
cell specificity. It was found that over 80% of the T-cell clones also responded to 
human HSP60. Therefore, self-HSP60 specific T-cells can be activated as part of a 
normal inflammatory response without exposure to bacterial HSP65. However, 
injecting mice with IFA activates HSP65-responsive T-cells that respond to different 
epitopes than T-cells derived from mice previously challenged with HSP65 [56]. 
Thus the precise nature of the two HSP-reactive T-cell populations is likely to be dif- 
ferent. Studies performed on human peripheral blood mononuclear cells (PBMC) 
support the idea that inflammation activates self-HSP60 reactive T-cells. PBMC 
obtained from patients with established RA were shown to proliferate upon in vitro 
stimulation with HSP60 [57]. Furthermore, this study also reported HSP60-driven 
proliferation in cultures of PBMC from normal individuals but this response was of 
a lower magnitude and peaked later than the responses seen in PBMC from RA 
patients. Since the peak proliferative response of human peripheral blood T-cells to 
recall antigens is earlier than that to non-recall antigens [58], then it is reasonable 
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to suggest that PBMC from RA patients are primed to HSP60. These results are fur- 
ther supported by the observation that T-cells from normal individuals responsive 
to HSP60 are confined to the CD45RA-" (naive) subset of T-cells which have delayed 
kinetics as compared with the response of the CD45RO^ (memory) T-cell subset to 
recall antigens [59]. Taken together, these findings suggest that priming to HSP60 in 
vivo occurred during the disease process where increased expression of HSP60 in the 
inflamed joint leads to activation and expansion of these pre-existing HSP-respon- 
sive T-cells. 



Immune deviation 

The importance of the quality of the immune response directed against HSP65 and 
the outcome on disease progression is highlighted in studies carried out in PIA. Pre- 
vious work from our laboratories reported that mice with PIA and those protected 
from disease by pre-immunisation with HSP65 both possess raised T-cell responses 
to HSP65. This subsequently led to investigations into the nature of these respons- 
es, resulting in the demonstration that T-cells derived from the two groups of mice 
produced different cytokine profiles upon stimulation with HSP65 in vitro [60]. 
Splenic cells from all mice produced Thl-type cytokines, IL-2 and IFN-y, whereas 
only splenic cells from mice that had been pre-immunised with HSP65 produced the 
Thl-type cytokines IL-4, IL-5 and IL-10. Furthermore, there was a dramatic 
increase in the IgGl to IgGla ratio of anti-HSP65 antibodies from arthritic to pro- 
tected mice. These findings suggested that disease protection was mediated by the 
secretion of anti-inflammatory cytokines from HSP65-specific T-cells. This was con- 
firmed in vivo by administering recombinant IL-12 prior to the induction of PIA in 
order to polarise the HSP65-specific Th2 biased immune response towards a Thl 
response. The incidence of PIA was recorded 200 days after the first injection of 
pristane and was found to be significantly higher in the animals treated with IL-12, 
HSP65 and pristane as compared to the protected group (HSP65 and pristane treat- 
ed). Alongside these studies, analysis of T-cell specificity illustrated that cells from 
HSP65-protected mice only respond to a limited number of HSP65 peptides (pre- 
dominantly to the immunodominant epitope, corresponding to amino acids 
261-271). Hence the T-cell repertoire to HSP65 from protected animals is limited 
or controlled (repertoire limitation). By contrast, T-cells from arthritic mice respond 
to many peptides (epitope spreading). We suggested that epitope spreading and Thl 
responses are related, and are the means by which quiescent autoreactive T-cells are 
stimulated to potentiate disease. Conversely, repertoire limitation is mediated by 
regulatory or Th2 cytokines (for full discussion see [61]). Indeed, a number of arti- 
cles attribute these changes in T-cell specificity to enhanced or altered processing 
and presentation of antigens under inflammatory conditions [49, 62-64]. Finally, a 
recent study examining the protective role of HSP-reactive antibodies presents evi- 
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dence for B-cell determinant spreading. Antibodies from Lewis rats that had been 
injected with CFA to induce AA (a Thl -mediated disease) recognised more epitopes 
from HSP65 than those from naive Lewis rats [65]. 



Induction of regulatory T-cells by HSP 

As discussed above, bacterial and endogenous HSP are highly homologous and have 
been shown to activate cross-reactive T-cells. Recent attention has focussed on the 
regulatory nature of these cross-reactive T-cells and their role has been implicated in 
controlling disease. For example, studies carried out in AA have shown that T-cells 
that recognise the highly conserved epitope 256-270 of HSP65, which can confer 
protection from AA, cross-react with endogenous rat HSP60 [66], although, in this 
report, the precise rat HSP60 epitope was not fully characterised. However, further 
studies showed that the cross-reactive T-cells were highly proliferative when stimu- 
lated with syngeneic heat-shocked APC and that they secreted IFN-y, IL-4 and IL- 
10 and also up-regulated expression of the co-stimulatory molecule CD86 [67]. 
Another report from this group indicated that the 256-265-specific T-cells do in fact 
cross react with the rat homologue of this peptide, which differs in sequence at three 
amino acid residues. These findings led to the suggestion that the self 256-265 pep- 
tide acts as an altered peptide ligand (APL) resulting in the induction of a regulato- 
ry phenotype in the HSP65 256-265-specific T-cells. Such cells are rendered non- 
proliferative, produce no IFN-y or IL-10, low levels of IL-4 and but express 
increased levels CD 8 6 which could preferentially interact with CTLA-4 on pro- 
inflammatory T-cells resulting in disease amelioration [68]. Lending credence to the 
possibility that APL could induce regulatory T-cells is a recent report by Prakken 
and colleagues. These investigators performed mutational analyses of the arthrito- 
genic HSP65 epitope 180-188, substituting a single alanine for a lysine residue at 
position 183. Importantly, nasal administration of rats with the altered peptide 
resulted in the prevention of AA and this was shown to be more efficacious than the 
native peptide. Furthermore, this prevention of arthritis was predominantly mediat- 
ed by IL-10, although IL-4 and TGF-p were also produced [69]. These data indicate 
that minor alterations in the peptide sequence of HSP may have profound effects on 
the modulation of arthritis. 

Comparable experiments have been performed using mycobacterial HSP70 in an 
attempt to suppress adjuvant arthritis. These studies have been successful, showing 
that either subcutaneous administration of whole HSP70 [32] or HSP70 peptide 
(comprising residues 234-252) [70] could protect rats from AA. The later study pre- 
sents data suggesting that protection from disease is mediated by the production of 
IL-10, due to the fact that arthritis susceptibility was restored in rats upon treatment 
with a blocking IL-10 antibody. Furthermore, it has recently been shown that by 
using an alternative peptide from HSP70 (residues 276-290), that AA could be pre- 
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vented by intranasal inhalation of the peptide, yet v^hen this peptide was adminis- 
tered subcutaneously only minimal protection was observed [41]. The resulting 
HSP70-specific T-cells were shown to secrete considerable levels of IL-10 upon in 
vitro stimulation with not only the bacterial 234-252 peptide, but also the mam- 
malian HSP70-peptide homologue [41]. 

Finally, unpublished work from our laboratory has suggested that self-FISP60 in 
the joints of mice with PIA could act as a target for regulatory T-cells. As previous- 
ly stated, immunisation of mice with HSP65 or the immunodominant T-cell epitope 
(261-71) protects mice from the development of PIA and this protection is mediat- 
ed by Th2-type cytokines [27, 40, 60]. Since the expression of self-HSP60 is up-reg- 
ulated in the joints of mice with PIA we examined responses of T-cells derived from 
FISP65 and peptide (261-71) immunised mice to recombinant bacterial HSP65 or 
self-HSP60. From these studies it was clear that 261-71 primed T-cells produced 
high levels of regulatory cytokines, in particular IL-10, when stimulated with self- 
HSP60. These cells also showed an increased expression of CTLA-4, a marker of 
regulatory T-cells. 

In conclusion, understanding the exquisite specificity and nature of the HSP- 
reactive cells and the factors controlling their evolution, along with their intricate 
role in immunological homeostasis, bodes well for the future design and develop- 
ment of novel vaccines and immunomodulators for the treatment of inflammatory 
diseases. 
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Introduction 

Reactive arthritis (ReA) is unusual amongst inflammatory joint diseases because the 
cause of arthritis has been identified, namely preceding infection with certain bac- 
teria, whereas the aetiology of rheumatoid arthritis or ankylosing spondylitis, or at 
least the triggering event, remains unknown. Most subjects infected by Chlamydia^ 
Salmonella, Campylobacter, Yersinia or Shigella develop symptoms due to the 
effects of the infection in the genito-urinary [Chlamydia) or gastro-intestinal tracts, 
but resolve the infection without any long-term sequelae. A minority develop 
inflamed joints, and also inflammation at the sites of insertion of tendons and liga- 
ments - a process termed enthesitis [1] - but the factors which confer susceptibility 
to arthritis have not been completely identified. HLA alleles play a part with HLA- 
B27'" individuals being more likely to develop reactive arthritis, and to have more 
severe and long-lasting disease - indeed a proportion develop chronic arthritis, and 
these are nearly all HLA-Bl?-' [2, 3]. Other HLA alleles including HLA- 
DRB1" 0103 have also been implicated [4]. The associations between disease inci- 
dence and/or severity with HLA imply that T-cell mediated immune responses are 
likely to be central to the pathogenesis of ReA, and that immune responses in sub- 
jects who develop arthritis will differ in some way from those who have uncompli- 
cated infection. It is in this context that immune responses to heat shock proteins 
(HSP) have been studied in ReA. 



Immune responses to bacteria which can cause ReA 

There is evidence that T-cell-mediated immunity is essential for satisfactory resolu- 
tion of infection by ReA-associated bacteria. Much of this is from animal studies, 
but there are data from human subjects as well. For infection with Chlamydia tra- 
chomatis (Ct) murine studies have shown that the most important immune response 
is by CD4^ T-cells which make interferon (IFN)-y (i.e., the THl subset of helper T- 
cells). This has been established using gene targeted mice deficient in CD4, or IFN- 
y or the IFN-y receptor [5-7]. Protection can be obtained by transfer of organism- 
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specific CDS'^ T-cells when these make IFN-y [8], but there is little evidence for a pri- 
mary role for CD 8"^ cytolytic T-cells in the murine response to infection. Indeed p 2 
microglobulin deficient mice, which lack CD 8"^ T-cells, clear infection satisfactorily 
[9]. Likewise, in murine Salmonella and Yersinia infections, it is CD4‘^ T-cells which 
provide protection [10-14]. Interestingly, amongst the T-cells shown to be protec- 
tive are some which recognize Yersinia HSP60 [15]. In humans the evidence is more 
indirect but individuals who are unable to generate IFN-y-producing THl T-cells 
through a deficiency in IL-12 or its receptor are particularly susceptible to dissemi- 
nated Salmonella infection [16, 17]. In Chlamydia infection, Ct-specific T-cells can 
be isolated from inflamed upper genital tract tissue, and have been found to make 
IL-5 or IL-10, suggesting that an inadequate THl response to Ct may have been 
responsible for ascending infection and tubal damage leading to infertility [18, 19]. 
In summary, infection with ReA-associated organisms normally elicits a vigorous 
CD4'^ THl T-cell response, part of which can be directed at HSP, and this is required 
for successful control of infection. 



A current view of the pathogenesis of reactive arthritis 

Three kinds of observation underlie current views of the pathogenesis of ReA. First- 
ly, the organisms seem to persist irrespective of treatment with antibiotics; the first 
evidence for this was the observation of persistent high titres of antibodies to the 
organisms in ReA, including organism-specific secretory IgA which turns over 
rapidly [20, 21]. Additional evidence for persistence stems from the second obser- 
vation, namely that the organism can be detected in affected joints. The fact that 
bacteria-specific antigens or nucleic acids can be shown many months or even years 
after the triggering infection implies persistence, although the precise site where this 
occurs is not known and is probably not simply the joint. Bacterial antigens - pro- 
teins, LPS, cell walls - have been demonstrated by immunofluorescence or immuno- 
blotting with organism-specific mono- or polyclonal antisera [22-24], whilst PCR 
and RT-PCR have been used to demonstrate nucleic acids; the presence of short- 
lived RNA has been taken to imply active transcription by the organism whilst in 
the joint. Chlamydia DNA/RNA has been reported in ReA joints by many investi- 
gators [25-28] whereas searches for DNA/RNA from enteric pathogens have rarely 
been positive [29, 30]. Recently however rRNA was clearly identified in synovial 
fluid from a patient with ReA secondary to Yersinia pseudotuberculosis some 19 
months after the initial infection [31]. 

The third observation is that the joint contains organism-specific T-cells, with 
many reports of CD4'^ T-cells, but also some of CD8'^ T-cells. The T-cell population 
in the affected joint is activated in terms of phenotype, and produces pro-inflam- 
matory cytokines spontaneously and even more so following in vitro challenge with 
the organism responsible for triggering the infection [32-34]. Again, among the 
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antigens which are recognized by organism-specific T-cells in the joint, HSP60 is 
particularly prominent - indeed a surprisingly high proportion of all the studies of 
immune responses to HSP60 in humans have been carried out in the context of 
arthritis. T-cell clones specific for Chlamydia HSP60 ([35] and for Yersinia HSP60 
[36, 37] have been characterized in ReA patients, and the epitopes which they rec- 
ognize have been mapped - with implications which are discussed below. In addi- 
tion, much of the animal work on T-cell responses to HSP60 and HSP70 has been 
done in adjuvant arthritis, as discussed elsewhere in this volume. It is reasonable to 
regard adjuvant arthritis as a model of ReA - challenge with bacterial antigens 
results in an arthritis which is generally self-limiting. In humans an ReA-like illness 
has been described following intra-vesical challenge with M. bovis BCG as part of 
the therapy for bladder tumours, and mycobacterial HSP60-specific T-cells were 
readily detectable in the synovial fluid in such a case [38]. 

In summary, the joint affected by reactive arthritis contains antigens from dis- 
ease-triggering pathogens and, on occasion, transcriptionally-active bacteria which 
may synthesize antigens locally, along with organism-specific T lymphocytes 
amongst which those directed at bacterial heat shock proteins, especially HSP60, are 
particularly prominent. It follows therefore that joint inflammation could be driven 
by T-cell recognition of bacterial antigens in the affected joint. In this case persis- 
tence of arthritis would be related to the availability of bacterial antigens, so that 
successful eradication of infection and/or clearance of bacterial antigens would limit 
its duration. This model might well account for mild cases of ReA with limited joint 
involvement which lasts less than one month - such cases are in fact rather common 
in community surveys, in which it has been possible to follow up complete cohorts 
exposed to infection by Salmonella or Campylobacter through contaminated food 
[39]. It is less successful in accounting for longer lasting ReA, particularly those 
cases which fail to resolve, and where the influence of HLA-B27 is most evident. In 
these circumstances it is tempting to speculate that additional factors are at work in 
pathogenesis. These could include: 

- Priming of responses to the ReA-associated bacterium by previous encounter with 
other pathogens or commensal bacteria; 

- Failure to eliminate the organism due to an inadequate immune response; 

- Sustained activation of bacteria-specific immune responses by antigens derived 
from commensal bacteria; 

- Transformation of an immune response initially directed against a bacterial anti- 
gen into one directed against self antigens in the joint or enthesis; 

- Failure to regulate the anti-bacterial immune response. 

Immune responses to heat shock proteins may be relevant to all of these outcomes 
which might predispose to the development of arthritis, and a detailed study of 
responses (mainly those to HSP60) has produced provocative data. 
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Table 1 - Epitopes recognized by HSP60-specific T-cell clones from: (a) a patient with 
Chlamydia trachomatis (ct)-induced ReA (SF derived clones); (b) a patient with Yersinia 
enterocolitica (yer)-induced ReA (SF-derived clones); (c) a normal individual (PB-derived 
clones). In each case the sequence of the mapped epitope is given and compared with the 
equivalent sequence In related organisms (Other abbreviations: cp, C. pneumoniae; ec, E. 
coli, salm, Salmonella typhij. 


Epitope 


Species 


(a) Ct HSPGO-sepcific clones 
epitope 1 

GRHVV I DK S FGS PQVT 

**************** 


ct 


**|S^**j^*****y^*-pj * 


cp 

ec and salm 


**y-* 1 *£”Q* yy * * * * * 


human 


epitope 2 

K V VVDQ 1 R K 1 S K P VQH 
*****^1^1^******** 
TAA^EELKAL^V^CSD 


ct 

cp 

ec (and salm A*****....) 


DA* lAELK* a* ***TT 


human 


(b) Yersinia HSPSO-specific clones 
epitope 1 

RVV I NKDTT I I I 

*********-j-** 


yer 

ec and salm 


P HD LG * VC EV * V 


human 


epitope 2 

SPLRQIVVNAGEEASVIANNVKAG 

^******j^*^***p**^**-j-**Q* 


yer 

ec and salm 


/ * AMT * A K * * * V * G * L * V E K 1 MQ S 


human 


epitope 3 

1 KVGAATEVEMKEKKARVEDALHA 

************************ 

*p****** 1 ******Q**Q**Q** 


yer 

ec and salm 
ct 


L ***GTSD**VN***D**T***N* 


human 
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Table 7 - continued 




Epitope 


Species 


(c) E. coli HSP60 (GroEL)-specific clones 
DARVKMLRGVNVLADA 


ec and salm 


*** j ******* 1 **** 


yer 


IqK**,<T^^E^ 


ct 


***A/-**Q**0/.**** 


human 



Properties of HSP-reactive T-cells in ReA 

The majority of this work concerns recognition of ReA-associated bacterial antigens 
by CD4‘^ T-cells, but there is additional evidence for organism-specific CDS'^ T-cells. 
In both cases HSP60 has been implicated as a target antigen. Detailed characteriza- 
tion of HSP60-specific T-cell clones from ReA patients has been carried out for both 
Yersinia and Chlamydia HSP60, but necessarily these studies have involved very 
small numbers of patients though polyclonal responses to HSP60 have been clearly 
demonstrated in much larger numbers of patients. Two conclusions can be drawn 
from this work. 

1 . Epitopes recognized by organism-specific T-cells are often conserved in other bac- 
teria. 

Firstly, the epitopes which have been mapped in HSP60 in both Yersinia and 
Chlamydia trachomatis are conserved in other pathogens likely to have been 
encountered by ReA patients. For example, as shown in Table 1 (a), the DR4- 
restricted epitope (epitope 1) in CtHSP60 is identical in HSP60 from Chlamydia 
pneumoniae (Cpn), an organism which infects a significant proportion of the pop- 
ulation, establishes a persistent infection, and has been implicated in atherosclerosis 
[40]. We have recently mapped a second epitope (epitope 2), restricted by HLA-DP, 
and again this is almost completely conserved in C. pneumoniae and the T-cell clone 
cross-reacts strongly. Whilst HSP60’s sequence conservation makes this kind of 
cross-reactivity likely, it is not confined to HSP60. We have recently mapped an epi- 
tope in the Chlamydia 60 kD membrane protein OMP2 which is conserved in Ct 
and Cpn, and also a conserved epitope in Ct enolase. When the sequences of the two 
HSP60 epitopes were compared with the equivalent regions in £. coli HSP60 
(GroEF), epitope 2 showed no sequence conservation but epitope 1 was highly con- 
served. We were able to show that, even when the three residues in the core of the 
epitope which differ in Ct and £. coli (H/N, I/F and S/A) were changed to those in 
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£. coU, this peptide could still be recognized, albeit with much lower affinity. In 
addition experiments with alanine substituted peptides showed that the four critical 
residues for T-cell recognition (KSFG) were wholly conserved in £. coli. Thus, even 
encounter with £. coli might conceivably prime a response to this Ct HSP60 epi- 
tope. Conversely, C. pneumoniae infection might prime responses to Salmonella 
HSP60 since the sequence of the epitope in Salmonella is identical to that found in 
£. coli. 

Cross-reactivity with £. coli is even more relevant when considering T-cell 
responses to HSP60 from the enteric pathogens Yersinia and Salmonella. Interest- 
ingly, for each of three epitopes in Yersinia enter ocolitica HSP60 defined by Mertz 
and co-workers, there was complete or very strong conservation of sequence in £. 
coli HSP60 (Tab. lb). In one case there was also substantial sequence conservation 
of the epitope in Ct HSP60, and indeed the clone cross-reacted with Ct HSP60, i.e., 
a mirror image of the situation described above for Ct HSP60 epitope 1. 

£. coli is a gut commensal, and whilst it can cause clinical infection particularly 
urinary tract infection and even Re A [41], we have obtained evidence that there is 
T-cell reactivity to £. coli HSP60 even in normal individuals with no history of infec- 
tion. The epitope, shown in Table 1 (c), was mapped to amino acids 11-26, again a 
sequence highly conserved in Yersinia and Salmonella. 

For B27-restricted CDS"^ T-cells in ReA, an epitope has been mapped in Yersinia 
HSP60; its sequence is completely conserved in £. coli but not in Ct or human 
HSP60 [42]. In addition an HLA-A2 restricted epitope has recently been mapped in 
mycobacterial HSP60 and is highly conserved in £. co/z. Yersinia and Chlamydia 
HSP60 [43]. Although priming a Class I MHC-restricted response by prior infection 
would usually require the infection to be intracellular, the same principle applies i.e., 
that prior experience with pathogens or commensals could influence responses to 
ReA-associated bacteria. 

2. T-cells which recognize epitopes in bacterial HSP do not generally cross-react 
with self. 

There is clear support from experimental models for the idea that HSP-reactive 
T-cells, including those which recognize self HSP60, can produce inflammatory 
pathology, and both CD4'" and CDS'" T-cells have been implicated [44, 45]. How- 
ever, despite the attractive hypothesis that in ReA bacterial HSP60-specific T-cells 
cross-react with self HSP60 and produce arthritis, this idea has not been borne out 
experimentally. In none of the cases shown in Table 1 has cross-reactivity with self 
HSP60 been demonstrated - certainly not cross-reactivity defined as inducing pro- 
liferative responses (see below for discussion of other possible forms of cross-reac- 
tivity). In the case of the CroEL-specific epitope, the homology with the human 
sequence is quite striking, and we have investigated this in some detail (Lillicrap et 
ah, manuscript in preparation). The frequent low level contamination of recombi- 
nant preparations of full-length human HSP60 protein with CroEL combined with 
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the exquisite sensitivity of the T-cell clones made it difficult to exclude cross-reac- 
tivity. However, human HSP60-derived peptides were not convincingly stimulatory, 
and having mapped the critical residues in the GroEL peptide by means of alanine 
replacements, it is now clear that three of the five amino acid differences between 
the E. coli and human sequences involve residues which are critical for T-cell 
responses. This explains the lack of a proliferative response to the human HSP60- 
derived peptide. There are examples in the literature of bacterial HSP60-specific 
clones which do appear to cross-react with self HSP60 [36, 46], but they may be the 
exception, and their relevance to disease has not been established. In the report from 
Quayle and colleagues, a peptide was mapped in mycobacterial HSP60, but the 
sequence of the epitope is identical in GroEL, and highly conserved in Ct and human 
HSP60. Whether the clone could respond to intact human HSP60 was not tested. In 
the report by Hermann et ah, the evidence for responses to self HSP60 was based 
on the response to heat-shocked antigen presenting cells and the precise epitope was 
not mapped. 



The significance of cross-reactivity of HSP-specific T-cells in ReA 

Priming responses to ReA-triggering infection 

The cross-reactive nature of the response to ReA-associated bacteria, which has 
been clearly established, has implications for our understanding of the pathogenesis 
of ReA. Thus many patients infected for the first time with, for example. Chlamy- 
dia or Yersinia^ may already have T-cells which are primed to recognize epitopes in 
HSP60 or other antigens of the new pathogen, because of previous infection. This 
might have a profound effect on the nature of the immune response which is gener- 
ated, and the cytokines which result. Eor instance, T-cells primed by encounter with 
C. pneumoniae or E. coli might rapidly generate large quantities of pro-inflamma- 
tory cytokines and drive inflammation following infection with Chlamydia or 
Yersinia. However, there is an alternative possibility; since C. pneumoniae estab- 
lishes persistent infection, and E. coli is normally encountered in the gut as a com- 
mensal rather that an invasive pathogen, the responses to cross-reactive epitopes 
may be down-regulated or modulated towards the production of immunoregulato- 
ry (e.g., IL-10, TGE-p) rather than pro-inflammatory (lEN-y, TNE-a) cytokines. 
This could result in a failure to mount a sufficiently robust inflammatory response 
to the pathogen, particularly adequate levels of lEN-y, and could contribute to 
pathogen persistence. In Chlamydia infection an inadequate response to HSP60 has 
been correlated with pelvic inflammatory disease, i.e., persistence and dissemination 
of the organism [47], but similar findings in ReA have not been reported. Some 
studies of synovial T-cells have reported on a higher proportion of IL-4 producing 
cells in ReA as compared to RA, suggesting a failure to generate an adequate THl 
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response to infection [48]. Yersinia HSP6 0-specific T-cell clones which make IL-10 
and IL-4 have also been described, but the predominant cytokines found in these 
studies were IFN-y and TNF-a [37, 49]. 



Amplification of immune responses to ReA-associated organisms by traffic 
of commensal bacteria to the joint 

Bacteria can be detected with great sensitivity by PCR or RT-PCR using “universal 
primers” which amplify 16S rRNA from all bacteria. This exploits the conservation 
of sequence seen in all bacterial 16S rRNA genes; the identity of the bacteria whose 
rRNA has been amplified can be obtained by sequencing the product to reveal 
sequences within the 16SrRNA product which are species-specific. This technique 
has been applied to synovium from inflamed joints, including Re A. The general 
point which has emerged from several studies is that many commensal bacteria from 
skin and gut can be detected within the joint both by PCR and RT-PCR [50, 51]. 
These most likely traffic into synovium within macrophages or polymorphs which 
are continuously recruited to the joint. This means that organism-specific T cells 
which recognize conserved epitopes may be stimulated by antigens from commen- 
sal bacteria such as £. coli - commonly detected in inflamed joints. This would 
amplify and maintain an immune response initially directed against the triggering 
infection, with potential for a vicious circle: - immune response to triggering organ- 
ism - inflammation - recruitment of bacteria laden macrophages - cross-reactive 
secondary immune response - further inflammation. 



The ability of conserved peptides to act as altered peptide ligands 

In considering cross-reactivity, we have considered examples where peptides from 
one bacterium stimulate responses which are qualitatively similar to those from 
another - T-cell proliferation or cytokine production. However, for conserved epi- 
topes, there is another possibility because peptides which differ by a few amino 
acids can stimulate qualitatively different responses from a T-cell. The peptide which 
elicits a different or partial response from that of the cognate peptide is termed an 
“altered peptide ligand” and can modulate immune responses [52]. The altered 
response reflects changes in the amino acids which contact the T-cell receptor and 
therefore affect the degree of activation through the T-cell receptor. In some cases 
APL can antagonize or anergise T-cell responses to cognate peptide. When consid- 
ering conserved proteins, there is the possibility that the amino acids which differ in 
proteins from different bacterial species, or in the human homologue, may act as 
altered peptide ligands. This has not been investigated thoroughly in Re A and war- 
rants further attention. 
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Table 2 - Comparison of the epitopes in HSP60 recognized by the regulatory cells described 
in [53] - induced by immunization with the mycobacterial peptide (myco) and cross-reac- 
tive with rat HSP60. The sequence conservation of the epitope in HSP60 from ReA-associ- 
ated bacteria is also shown. Abbreviations are as in the legend to Table 1. 



Epitope 


Species 


ALSTLVVNK I 


myco 


******l^*l^l^ 


human/rat 


**^*****“py^ 


ec/salm/yers 


**^*****[^* 


ct/cp 



There is evidence for this kind of mechanism in studies of adjuvant arthritis, 
reviewed in more detail elsewhere. In summary, priming rats with a mycobacterial 
HSP60 peptide from a conserved region resulted in two populations of T-cells [53]. 
One, which recognized the N-terminal 10 amino acids, responded to autologous 
antigen presenting cells in the absence of antigen - a response enhanced by heat 
shock and interpreted as presentation of endogenous (rat) HSP60. This T-cell line 
showed some ability to ameliorate adjuvant arthritis, and produced both IL-4 and 
IL-10, in addition to some IFN-y. Oral feeding with mycobacterial HSP60 also 
results in IL-10 production by T-cells and protection from arthritis [54]. These 
results are relevant to our present discussion since the sequence of the epitope rec- 
ognized in rat HSP60 is identical in human HSP60, whilst the epitope is also high- 
ly conserved in Mycobacteria., E. coli and Chlamydia HSP60 (Tab. 2). Thus, whilst 
experimentally the protective T-cells were induced by immunization with a 
mycobacterial HSP60 peptide, the same process can readily be imagined as part of 
the response in vivo to infection with other bacteria or commensals. An example of 
commensal bacteria priming a protective HSP60-specific immune response is seen in 
the Fisher rat which fails to develop adjuvant arthritis unless maintained under 
germ-free conditions i.e., protection is effected by commensal bacteria, and there is 
evidence in this system that a HSP60-reactive T-cell population confers the protec- 
tion [55]. 

Therefore the outcome of infection with ReA-associated organisms will depend 
to some extent, as far as inflammation is concerned, on the efficiency with which 
regulatory HSP60-reactive cells are generated. This in turn will depend on the dom- 
inant epitopes, and whether these are in conserved regions, since the regulatory T- 
cell population responds to the self protein. The precise epitopes identified in rat are 
not likely to be relevant to humans since they require rat Class II MFIC molecules 
for their presentation, but there are many peptides in the HSP60 sequence recog- 
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nized by human T-cells which are equivalent to those described in rat, e.g., the pep- 
tide noted above in Table 1(c). The influence of Class II HLA alleles on ReA which 
has been observed [4] might reflect epitope selection and the generation of pro- 
inflammatory or protective responses. 

Although the evidence for HSP60-specifc regulatory T-cells has been reviewed, 
similar mechanisms have been demonstrated for HSP70 [56], and could in principle 
apply to other conserved antigens such as enolase, shown to be a target antigen in 
Chlamydia-inductd ReA [57], although experiments in adjuvant arthritis make it 
clear that not all conserved antigens are associated with generation of regulatory T- 
cells [58]. 

Conclusions 

Immune responses to heat shock proteins are an important component of the way 
in which the body deals with infection. HSP are amongst the most prominent target 
antigens in the response, and their properties of conservation of sequence, immuno- 
genicity, and ability to generate immunoregulatory T-cell population, mean that 
there are several ways in which immune responses to HSP can influence the occur- 
rence of reactive arthritis, which is essentially a form of aberrant response to infec- 
tion. Many of the possibilities discussed above are still speculative or rest on insuf- 
ficient experimental data, but the role of immune responses to HSP in ReA will be 
clarified by continuing clinical and experimental investigations. 
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Introduction 

Immune regulation is an important mechanism in controlling the severity and dura- 
tion of an immune response. Ongoing and destructive inflammation suggests a dys- 
function in the immune regulation, while a spontaneous relapse or remission of dis- 
ease suggests a successful immune-regulatory process. Understanding the regulatory 
mechanisms that control the balance between immunity and tolerance can provide 
potential new targets for therapeutic intervention. 



Juvenile idiopathic arthritis 

Juvenile idiopathic arthritis (JIA) is the most common rheumatic disease of child- 
hood [1]. Local inflammation in the joints results in joint destruction and overall, 
an estimated 49% of affected children end up with severe functional limitation 
because of JIA [2]. JIA is not a homogenous disease but consists of various subtypes 
with three principle types of onset: (a) oligoarthritis; (b) polyarthritis; (c) systemic- 
onset disease [3]. Though the histopathological abnormalities found in these three 
subtypes are similar, there is a striking difference in both severity and outcome of 
the three subtypes. In oligoarticular JIA the disease has a relative benign course; the 
disease is restricted to one to four joints and is often self remitting. In polyarticular 
and systemic JIA five or more joints are affected and in contrast to oligoarticular 
JIA, polyarticular and systemic JIA are usually non-remitting and crippling diseases 
requiring aggressive immunosuppressive therapy. This difference in clinical course 
between the various subsets of JIA is an intriguing phenomenon and provides us 
with ideal study groups to investigate the immune-regulatory processes that deter- 
mine the varying clinical prognoses. 
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Pathogenesis of JIA 

Although the pathogenesis of JIA is still unknown, studies suggest excessive immune 
reactivity of several types of cells in predisposed children, suspected but not proved 
to be in reaction to exposure to certain infectious pathogens [4, 5]. Studies of T-cell 
receptor expression confirm recruitment of T-cells specific for (unknown) antigens 
present in joint synovium [6, 7]. The recruitment of these T-cells is made possible by 
certain HLA-types found with increased frequency in affected children. HLA-DR4 
is associated with polyarticular JIA; oligoarticular JIA has been associated with 
HLA alleles at the DR8 and DR5 loci [8, 9]. In JIA, T-cell activation results in a cas- 
cade of events leading to tissue damage in joints and other affected tissues, includ- 
ing B-cell activation, complement consumption, and, in particular, release of inter- 
leukin (IL)-6 [10], tumour necrosis factor (TNF)-a, and other pro-inflammatory 
cytokines [11], possibly under the control of specific genetic alleles. Thus, the syn- 
ovial lymphocyte infiltrate in JIA exists predominantly of Thl type cells [6] and like 
rheumatoid arthritis (RA) is therefore believed to be the result of a polarization 
towards a persistent pro-inflammatory Thl response. 



Th2 counter-regulation in remitting JIA 

Despite this strong Type 1 phenotype in JIA, variable immune components that 
favour down-regulation of inflammation can be present, especially in early disease. 
In particular, the presence of a Th2 component, in terms of Type 2 cytokines and 
expression of chemokine receptors [12], early in the disease process of JIA is sug- 
gested to function in an anti-inflammatory capacity and to play a role in determin- 
ing disease phenotype [12, 13]. Several studies demonstrated that IL-4 and IL-10 are 
more readily detectable in synovium of patients with limited joint destruction. Mur- 
ray et al., showed that synovial fluid from patients with oligoarticular JIA signifi- 
cantly over expresses IL-4 messenger RNA relative to synovial fluid from patients 
with polyarticular JIA [13]. Crawley et al., demonstrated a hereditary predisposition 
to low IL-10 production in children with a non-remitting form of JIA [14]. 



Regulatory T-cells in remitting JIA 

In addition to regulatory cytokines, multiple populations of T-cells with specialized 
regulatory capacity have been identified to play a role in JIA. Thompson et al., 
demonstrated equally increased levels of CCR5 and CCR4 bearing synovial fluid 
lymphocytes, the latter producing greater IL-4 than IFN-y [12]. Increased expression 
of CCR5 has been associated with a Type 1 cytokine profile and is dependent on 
recent activation events. CCR4 is preferentially expressed on Th2 like cells and is 
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therefore suggested to be a chemokine receptor for regulatory cells. Recently the 
existence of professional, natural occurring regulatory cells have been identified, 
which are enriched in the CD4''CD25^ lymphocyte population [15]. CD4+CD25'' 
regulatory T-cells seem to have a pivotal role in the maintenance of peripheral tol- 
erance and evidence is accumulating that they also play a suppressive role in human 
autoimmune diseases [16]. Recent data show that CD4''CD25-' regulatory T-cells, 
expressing high CTLA-4, GITR and CCR4, are abundantly present in the joints of 
patients with remitting oligoarticular JIA (de Kleer et ah, submitted). This strongly 
suggests that CD4+CD25^ regulatory T-cells play a role in down-regulating inflam- 
mation in these patients and therefore could contribute to remission of disease. 
Though much progress has been made, many key aspects of regulatory T-cells in 
human diseases still remain to be resolved, particularly concerning their antigen 
specificity, mechanisms of action and interrelationship. 



Immunoregulation by HSP60: Adjuvant arthritis 

Further in this chapter another population of T-cells that is associated with disease 
remission in oligoarticular JIA will be discussed; namely T-cells responding to self- 
heat shock protein 60 (HSP60). Ffeat shock proteins (HSPs) are ubiquitous and 
abundant proteins, essential for cellular viability [17] and present in cells of almost 
all living organisms. They are induced when a cell undergoes various types of envi- 
ronmental stresses like heat, cold and oxygen deprivation. HSPs are highly con- 
served during evolution which has resulted in extensive amino acid sequence identi- 
ties between mammalian and microbial HSPs. This phylogenetic similarity between 
prokaryotic and eukaryotic heat shock proteins, together with the capacity of heat 
shock proteins to induce pro-inflammatory responses has led to the proposition that 
these proteins provide a link between infection and autoimmune disease. Indeed, 
both elevated levels of antibodies to heat shock proteins and an enhanced immune 
reactivity to heat shock proteins have been noted in a variety of pathogenic disease 
states. 

The same observations regarding HSPs make the apparent tolerance of healthy 
individuals to their own (self) HSPs all the more remarkable; most people don’t 
develop dangerous autoimmune responses to self HSPs. In fact, healthy people do 
possess T-cells which recognize these self HSPs, but suffer no ill effects [18, 19]. The 
presence of such self-reactive cells in healthy people therefore suggests that these self 
HSP specific cells are highly regulated. Even more, evidence is accumulating that T- 
cells with specificity for self HSPs have an immunoregulatory function themselves 
and play a role in the down-regulation of pathogenic, inflammatory processes. Most 
evidence for a protective role for HSP60-specific T-cells came from the experimen- 
tal animal model adjuvant arthritis (AA). In AA T-cell responses to HSPs play an 
important role in both the induction of AA and the protection from AA. AA is 
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inducible in susceptible rats by immunization with heat-killed Mycobacterium 
tuberculosis (Mt). Mt 65-kDa heat shock protein (HSP65) is a target of pathogenic 
T-cells in AA; a T-cell clone (Alb) specific for the epitope contained between amino 
acids 180-188 of HSP65 could adoptively transfer AA [20]. The epitope was also 
found to react to an epitope of cartilage proteoglycan, suggesting that targeting of 
inflammation to the joints might be due to cross-reactivity between PI 80-1 88 and 
a self component in the cartilage [21]. On the other hand, pre-immunization with 
mycobacterial HSP65 or some of its T-cell epitopes protects against subsequent 
induction of arthritis. Even more, pre-immunization with mycobacterial HSP65 has 
also been found to protect in other experimental arthritis models as collagen Type 
2 induced arthritis and avridine arthritis. Inhibition of AA by treatment with HSP65 
is thought to be mediated by regulatory T-cells cross-reactive with the self-60 kDa 
heat shock protein (HSP60) [22, 23]. Hence, mycobacterial HSP65 appears to pro- 
vide epitopes with different immune functions in AA: the cross-reaction of 
PI 80-1 8 8 with cartilage may be involved in the pathogenic effector mechanism, and 
a cross-reactivity between HSP65 and self-HSP60 might be involved in regulation of 
disease. 



Adjuvant arthritis as an experimental model for RA and JIA 

Adjuvant arthritis is the most extensively used experimental model for rheumatoid 
arthritis and indeed, the histopathological characteristics are very similar. However, 
a much more striking resemblance is seen between AA and oligoarticular JIA, 
because of the following reasons; 

(1) there is a similar histopathological resemblance; 

(2) AA as well as oligoarticular JIA are both self-remitting diseases; 

(3) JIA is thought to be induced by a microbial agent (mycobacteria) as well; 

(4) both diseases are complicated by uveitis, and; 

(5) as will be discussed in the following section; T-cell responses to HSPs seem to 
play a crucial role in the disease regulation of JIA as well. 



Reactivity to self HSP60 correlates with a good prognosis in JIA 

As described above, JIA shares many features with the experimental animal model 
AA. Besides a clinical and histopathological resemblance evidence is growing that 
like in AA HSPs play a central role in the immune regulation of JIA as well. Syn- 
ovial lining cells of patients with JIA show an increased expression of endogenous- 
ly produced HSP60 [24]. Thus, at the site of inflammation self HSP60 is available 
as a target for the immune system. Indeed, IgG antibodies to human HSP60 can be 
detected in both serum and synovial fluid from patients with JIA [25]. Furthermore, 
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both peripheral blood mononuclear cells and synovial fluid derived mononuclear 
cells from patients with JIA show T-cell reactivity to human as well as mycobacter- 
ial HSP60 [26]. Also reactivity to other HSPs, in particular to £. coli derived HSP65 
(GroEL) [27] and to DnaJ [28] are seen. [29]. Most of the T-cell responses to human 
HSP60 are found in HLA B27 negative oligoarticular JIA, the subtype of JIA with 
the best prognosis. These responses to human HSP60 are correlated with responses 
to mycobacterial HSP60 and HSP70 suggesting that the responses are directed to 
more conserved parts of the HSP60 molecule. 

A prospective longitudinal study in newly diagnosed patients with JIA showed 
the role of the reactivity to self-HSP60 in the early course of the disease [30]. In 
oligoarticular JIA patients’ significant proliferative responses to human HSP60 are 
found after the first four weeks and within the first three months after the onset of 
disease. During phases of remission of disease the majority of the oligoarticular 
patients lose their previous positive responses to human HSP60, while during an 
exacerbation of the disease, again positive T-cell responses to human HSP60 are 
found. A similar pattern of T-cell responses to human HSP60 can not be found in 
patients with polyarticular and systemic disease. Furthermore, in vitro priming of 
the non-responder cells during remission restores the responsiveness in oligoarticu- 
lar patients and not in polyarticular and systemic patients. In this prospective study, 
all patients that showed positive T-cell responses to human HSP60 during an exac- 
erbation of the disease eventually reached a disease remission, while non-responders 
at the onset of the disease were prone to develop a more severe, non-remitting pol- 
yarticular arthritis. This association between early T-cell reactivity to human HSP60 
and disease remission suggests that self-HSP60 specific T-cells contribute to regula- 
tory mechanisms that down-regulate inflammation. 

Though polyarticular and systemic JIA patients lack T-cell reactivity to human 
HSP60 at the onset of disease, responses towards self-HSP60 can be found at later 
stages of disease. It is conceivable that these responses inevitably develop as a result 
of epitope spreading and bystander activation during ongoing inflammation. 
Indeed, phenotypic analysis revealed differences between the human HSP60 specif- 
ic T-cell population of oligoarticular patients, hypothesized to be part of an immune 
regulatory mechanism, and the human HSP60 specific T-cell population of pol- 
yarticular patients, which is presumably the result of epitope spreading [31]. 



Phenotype of self HSP60 specific T-cells in JIA 

Evidence is growing that self-HSP60 specific T-cells in oligoarticular JIA patients are 
indeed regulatory cells. In vitro activation of peripheral blood derived mononuclear 
cells and synovial fluid derived mononuclear cells of oligoarticular JIA patients with 
HSP60 induces a high expression of CD30 on CD4^, activated (HLA-DR-positive), 
memory (CD45RO-positive) T-cells [31]. In contrast, in vitro activation with HSP60 
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fails to induce a similar increased expression of CD30 on PB derived lymphocytes 
of patients with polyarticular JIA. Although CD30 expression can also be found in 
Thl and ThO clones CD30 surface expression has mainly been described as an in 
vitro feature of Th2-type cells and in vivo evidence exists that CD30 has a role in 
both function and development of Th2 like human CD4'" cells [32, 33]. As the 
response in terms of CD30 expression to human HSP60 is much higher than to 
mycobacterial HSP60 it is unlikely that CD30 merely functions as an activation 
marker. Besides a high expression of CD30, in vitro activation of PBMC with 
mycobacterial or human HSP60 results in a high production of IL-10 and a low pro- 
duction of IFN-y in oligoarticular JIA patients with active disease, while in pol- 
yarticular JIA patients with active disease this ratio is reversed in favour of IFN-y. 
Thus, the self-FISP60 specific T-cells in oligoarticular JIA patients clearly show a 
regulatory phenotype. 



A self-HSP60 driven regulatory mechanism controlling inflammation in 
remitting JIA? 

The following self-HSP60 driven mechanism could play a role in oligoarticular JIA 
(see Fig. 1). Self-HSP60 specific T-cells escape negative selection in the thymus and 
are kept in the immune repertoire through contacts with microbial heat shock pro- 
teins via tolerizing gut mucosa, the site known to induce so-called “oral tolerance”. 
While continuously perceiving the presence of their epitopes in the gut associated 
lymphoid tissue they may develop their regulatory phenotype. During periods of 
active arthritis, inflammation in the joint leads to local cellular stress and therefore 
the up-regulation of self HSPs in the synovial tissue. Confronted with their homo- 
logues the HSP60 specific T-cells are activated in the inflamed joint, express CD30 
and are triggered to high IL-10 and low IFN-y production. These autoreactive T- 
cells may then down modulate the pathogenic T-cells either directly through recog- 
nition of self HSP60 on the pathogenic T-cells or indirectly through bystander sup- 
pression in a suppressive, IL-10 containing environment. In polyarticular- and sys- 
temic JIA patients, T-cell responses against human HSP60 are not completely absent 
but are qualitatively different; they appear later in the course of the disease, proba- 
bly through bystander activation, and show no regulatory features. In this view, the 
ongoing and destructive inflammation in polyarticular JIA might be the result of a 
deficiency in the natural regulatory response induced by self HSPs. 



Heat shock proteins as targets for immune therapy? 

The current approach to treatment of JIA tends to focus on managing inflammation 
and pain. These methods have little effect on the autoimmune processes that are 
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Positive selection 
in the thymus 




tolerising environment 



Figure 1 

The role of self-HSPGO specific T-cells in oligoarticular JIA. 

Self-HSP60 specific T-cells escape negative selection in the thymus, and are kept in the 
immune repertoire through mucosal contacts with microbial heat shock proteins present in 
the gastro- intestinal tract During arthritis self-HSP60 specific T-cells home towards self- 
HSPGO expressed in the inflamed synovial tissue. 



thought to underlie the disease and are of limited use in altering disease progression. 
Therefore developing novel treatments that target the autoimmune component of 
the disease is highly desirable. Restoring immunoregulation through manipulation 
of peripheral tolerance using HSPs may provide such therapies in the future. In sev- 
eral experimental autoimmune models, such as experimental autoimmune 
encephalomyelitis (EAE) [34], collagen induced arthritis [35], NOD mouse diabetes 
mellitus [36] and adjuvant arthritis [37] antigen-specific peripheral tolerance lead- 
ing to disease resistance can be induced by manipulation of the mucosal immune 
system through oral or nasal administration of a relevant (auto)-antigen. In adju- 
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vant arthritis, for instance, it is possible to obtain specific T-cell tolerance for the 
AA-associated T-cell epitope (A2B); nasal administration of a peptide containing the 
arthritogenic T-cell epitope before the induction of AA delayed the onset and 
reduced the severity of arthritis. 

Since patients with polyarticular juvenile idiopathic arthritis seem to lack the 
regulatory T-cell response to self HSP60 mucosal administration of or immunization 
with heat shock proteins might be a promising way to re-activate these self-HSP 
reactive T-cells and restore the balance between immunity and regulation. Howev- 
er, trying to extrapolate the success of mucosal immune therapy in experimental 
autoimmune models to immunotherapy for JIA one of the major problems encoun- 
tered is the need to induce mucosal tolerance with peptide epitopes rather than with 
a whole protein. Experience from animal models showed that different epitopes of 
the same protein could have opposite effects in immune therapy. However, the het- 
erogeneous HLA background in patients with JIA makes it difficult to predict uni- 
versal peptide epitopes that are recognized in a majority of patients. It has been pos- 
sible to overcome this problem by using a novel computer algorithm for the analy- 
sis of potential pan-DR binding epitopes (A. Sette, Epimmune, La Jolla, CA). This 
computer algorithm has identified eight different T-cell epitopes of both human and 
mycobacterial HSP60. All eight peptides induced clear T-cell responses, as measured 
by T-cell proliferation and antigen specific cytokine production, in a vast majority 
(60-90%) of patients with JIA, both in peripheral blood and synovial fluid. Most, 
but not all, T-cell responses were found in patients with the oligoarticular form of 
JIA. Most interestingly, one of the peptides identified with the computer algorithm 
has only minor changes to the peptide that induces protection in the experimental 
model of AA. The T-cell response to this peptide correlated strongly with the T-cell 
response to its human homologue peptide, which strongly suggests the identification 
of a population of cross-reactive T-cells. This peptide could therefore be the prima- 
ry candidate for use in the human system. 



Combining immunotherapy with heat shock proteins and 
conventionai therapy? 

Another important area that needs to be addressed is whether self-HSP60 specific 
regulatory T-cells can effectively down-regulate ongoing immunopathological reac- 
tions in JIA. In the adjuvant arthritis model it is possible to treat ongoing arthritis 
effectively with HSP-derived peptides [38]. However, it is conceivable that, in the 
more complex human situation, self-HSP60 specific T-cells will be insufficient in 
down-regulating ongoing disease, especially once massive inflammation and joint 
destruction has taken place. 

In recent years two new advances in the treatment of JIA have been made: anti- 
tumour necrosis factor therapy, such as etanercept, and autologous stem cell trans- 
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plantation (ASCT). Though both treatments show great promise in the treatment of 
children with JIA there are many disadvantages. Etanercept is aimed towards a gen- 
eral suppression of pro-inflammatory pathways and does not restore peripheral tol- 
erance. In addition, the treatment is costly, expected to have serious long-term side 
effects and most importantly, offers only temporary benefit: once the treatment is 
discontinued, the disease reoccurs in its original severity. 

Interestingly, when in an animal model of experimental arthritis, a single, sub- 
optimal dose of etanercept (soluble TNF-a receptor) was combined with oral toler- 
ance induction with a heat shock protein peptide; this led to a sustained remission 
of arthritis (Roord et ah, submitted). 

ASCT is a treatment that is aimed to restore peripheral tolerance by resetting the 
immune system. Because the procedure carries a significant mortality risk only chil- 
dren with very severe, refractory JIA are eligible for this treatment. ASCT is suc- 
cessful in approximately 55% of the children (de Kleer et ah, submitted). It is like- 
ly that following ASCT the newly developing T-cell repertoire following encounter 
with auto-antigens at the site of tissue inflammation is tolerised towards such anti- 
gens. In 36% of the children a partial or complete relapse of the disease is seen. It 
will be interesting to investigate whether mucosal treatment with HSPs following 
ASCT will induce regulatory T-cells efficient enough in preventing a relapse. 

Future research therefore need to be focused on clarifying whether the combina- 
tion of a temporary resetting of the immune system by etanercept or an autologous 
bone marrow transplantation, followed by antigen specific immune therapy is the 
key towards sustained remission of disease in JIA. 



Summary 

The development of novel treatments that target the autoimmune component of JIA 
in an immune-modulatory rather than immune-suppressive way is highly desirable. 
Restoring immunoregulation through manipulation of peripheral tolerance using 
HSPs may provide such therapies in the future. With the identification of self HSP60 
epitopes that are recognized in the majority of JIA patients a Phase I clinical trial 
has come near. 
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Introduction 

In this chapter we shall review the possible role of heat shock proteins (HSP) and 
chaperones in the pathogenesis of rheumatoid arthritis (RA). Although HSP/chap- 
erones are found in all cells, their expression is increased at times of cellular or tis- 
sue stress. It is under these conditions that new roles or functions for these proteins 
will become apparent. Hence, the first section of the review deals with the expres- 
sion of HSP in the RA synovial membrane (SM). There then follow two sections 
dealing with the immune response to HSP by patients with RA. The first part con- 
siders the antibody responses and the second part the response at the T-cell level. In 
the third section, we consider the proposal by Roudier and his colleagues that bac- 
terial HSP are involved in the pathogenesis of RA because of molecular mimicry 
with the shared epitope. This is an innovative concept worthy of separate discussion 
not least because it is being tested in the clinic. Finally, we review our work on BiP, 
the endoplasmic reticulum chaperone, which focuses on the concept that HSP/chap- 
erones may have immunomodulatory or anti-inflammatory effects when found 
extra-cellularly rather than solely being involved in pro-inflammatory events, which 
has been the prevailing view to date. 



The expression of HSP in the RA synovium 

The concept that molecular mimicry between bacterial and human HSP could be 
involved in the pathogenesis of RA would be immensely strengthened if the expres- 
sion of HSP were to be increased in the RA SM. Such an increase would obviously 
provide more HSP protein to “drive” the disease or to regulate it, depending on the 
precise mechanisms operating at the time. 

The inflamed RA SM has many of the characteristics necessary for the increased 
expression of HSP and molecular chaperones. The rheumatoid joint is hypoxic [1], 
undergoes regular and frequent episodes of reperfusion injury [1], produces large 
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amounts of reactive oxygen species [2], and is a potent brev^ of inflammatory 
cytokines such as interleukin (IL)-l and tumour necrosis factor (TNF)-a [3]. Thus 
it is not surprising that the RA SM has many of the features characteristic of a 
stressed tissue. This has been elegantly described by Schett et al. [4], who showed 
by gel mobility shift analysis that heat shock transcription factor 1 (HSFl) was acti- 
vated, hyper-phosphorylated and translocated to the nucleus where it was instru- 
mental in up-regulating HSP70 transcription in RA but not osteoarthritic SM. Fur- 
ther experiments, using cultured RA SM synovial fibroblasts, showed that the pro- 
inflammatory cytokines (TNF-a, IL-la and IL-6) but not interferon (IFN)-y or 
transforming growth factor (TGF)-(3 induced activation of HSFl-DNA binding and 
HSP70 expression in the cultured cells. Glucocorticoids and cytotoxic drugs had no 
effect on this response although, interestingly, shear stress could induce it. 

A summary of the work investigating expression of FfSP in the RA SM is pre- 
sented in Table 1. Several investigators have shown that a variety of HSPs and chap- 
erones are over-expressed in the RA SM including BiP [5], human homologues of 
the bacterial DnaJ chaperone [6], human HSP60 [7, 8], and HSP65 [9]. However, 
this is not a universal finding. An equal expression of human HSP65 was found in 
RA and non-inflamed control SM [10]; there was equal expression of mitochondri- 
al HSP60 by immunohistology in RA and osteoarthritic SM [11]; and the human 
homologue of the bacterial GroeL HSP was increased in all inflammatory tissues 
including RA SM, liver and kidney [12]. The findings of the latter study are not sur- 
prising as the inimical inflammatory environment, irrespective of the tissue in which 
it is taking place, is likely to lead to increased expression of HSP in order to protect 
cells from stress that could ultimately lead to death by apoptosis [13]. Karlsson- 
Parra et al. [9] made the interesting observation that human (hu) HSP65 was found 
abundantly at the cartilage-pannus junction. This is of relevance as the failure to 
demonstrate HSPs by some investigators could be explicable on the basis that max- 
imum expression takes place at the eroding front rather than within the SM itself. 
This group also demonstrated huHSP65 in rheumatoid nodules - the only report to 
our knowledge in which HSP expression has been sought in this tissue. Rheumatoid 
nodules are, of course, the clinical and histological “signature” of RA. When it is 
recalled that the centre of a nodule has undergone non-caseating necrosis, one could 
speculate that nodule formation is the consequence of events that lead to increased 
expression of HSPs such as hypoxia. 

The role of HSP in protecting cells from stress is described elsewhere in this vol- 
ume. This is the classical “intracellular” role of HSP. HSPs, as antigenic peptides, 
clearly have an additional function in stimulating T-cells that is beyond their classi- 
cal intracellular role. This aspect of the contribution of HSP to inflammation in gen- 
eral but in RA especially is described below. A third, newly described, function is the 
ability of HSPs to bind to specific cell membrane receptors and activate the cells to 
secrete pro-inflammatory cytokines. We have recently reviewed this aspect of HSP 
function [14]. 
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Table 1 - Expression of HSP in the rheumatoid synovial membrane 
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from RA SM 

1999 Human homologues bacterial Immunohistology; Western blotting [81] Over expressed in synovial lining layer 

DnaJ chaperone in the synoviocytes 

2001 BIP (grp 78) Immunohistology [69] Over expressed in RA SM 
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It is known that HSP may exist free in the circulation of patients. Thus, Lewth- 
waite et al. [15] showed a correlation between the concentration of circulating 
huHSP60 in the plasma of British civil servants with physiological and psychosocial 
stress. Of great interest in view of this finding is the link between high circulating 
levels of soluble huHSP60 and the amount of carotid atheroma as assessed by high- 
resolution duplex scanning [16]. Since there is increased mortality in RA and since 
this increase is primarily due to increased atheromatous disease (for review see 
Goodson [17]), it would clearly be important to measure circulating HSPs as possi- 
ble surrogate markers for severity of atheroma and, hence, consequent mortality in 
patients. 



Summary 

There is increased expression of human HSPs in RA SM and at the cartilage-pannus 
junction. 

The increased expression is due to the inimical environment in the rheumatoid 
joint and this may be mediated by increased expression and/or activation of tran- 
scription factors such as HSFl. 

Soluble cell-free HSP may contribute to some of the extra-articular features of 
RA, such as rheumatoid nodules, and may be involved in the increased mortality 
due to more severe atheromatous disease. 



Antibody responses to mycobacterial, bacterial or human heat shock 
proteins in patients with rheumatoid arthritis 

Since HSP are highly conserved and necessary for many essential housekeeping 
tasks, it is possible that molecular mimicry between the microbial HSP and host 
HSP could give rise to deleterious immune responses leading to autoimmune disease. 
This possibility is described elsewhere in this volume. We have seen, in the previous 
section, that some HSP are up-regulated in the RA SM. This is no doubt the conse- 
quence of the inimical environment during the course of chronic inflammation. It is 
of interest that chondrocytes will, in common with other cells, up-regulate HSP 
expression [18]. Thus, in the RA joint there is up-regulation of the expression of 
HSP both in the SM and in articular cartilage. This will set the scenario for two 
processes. 

The first process may result in the stimulation of an immune response since the 
over-expressed host HSP, by mechanisms involving molecular mimicry, will stimu- 
late T-cells and B-cells primed by and responding to bacterial HSP. Stimulation of T- 
cells by bacterial and human HSP is considered in the next section. Of course, the 
stimulation of B-cells will lead to the production of anti-HSP antibodies. These will 
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be able to induce inflammation by activating the complement system and by bind- 
ing to FcyR on monocytes and neutrophils. This receptor/ligand interaction may 
result in the release of a number of pro-inflammatory factors from the cells includ- 
ing IL-1 and TNF-a. To our knowledge no formal demonstration of HSP contain- 
ing immune complexes in the peripheral blood (PB), synovial fluid (SF) or SM of 
patients with RA has been made. However, since HSP can be expressed under 
appropriate conditions of cellular stress in any cell of any tissue or organ in the 
body, how can one explain the joint localisation of RA, although it should be 
remembered that RA is a systemic disease and not just a disease of the joints. A pos- 
sible explanation may be found in the experimental work of Diane Mathis and her 
colleagues [19] that showed that immune complexes may localise in the articular 
cartilage despite the fact that the contained antigen may be widely found in all the 
cells of the host. Thus it is entirely plausible that over-expression of HSP in the RA 
SM and the articular cartilage could lead to the localisation of anti-HSP antibodies 
to these sites, and other systemic sites in which there is a similar over-expression of 
HSP. No such demonstration has been made either in the SM or the articular carti- 
lage. 

The second process may involve the continuing priming of T-cells responding to 
HSP via antigen presentation by B-cells. Since there may be an expansion of B-cells 
responding to HSP in patients with RA (as described in [20]) these B-cells will cap- 
ture HSP via their surface immunoglobulin receptors, process them and present HSP 
peptides in the context of surface MHC molecules, to responding T-cells. Again this 
is a plausible scenario but with no firm basis in experimental work. 

We are thus faced with an extremely tantalising situation. On the one hand there 
are attractive hypotheses some of them based on firm experimental evidence in ani- 
mal models of arthritis. On the other hand little or no evidence has been produced 
that such hypotheses are operating in patients who suffer from RA. Indeed, review 
of the major papers on anti-mycobacteria (myco), bacterial or huHSP antibody 
responses shows that far from there being a consensus, the negative reports appear 
to predominate over the positive (Tab. 2). One should have in mind that investiga- 
tors and journals do not, as a rule, report or publish negative findings. Thus, the sit- 
uation may be weighted against those published studies that have shown increased 
HSP antibody response in patients with RA. Some of the positive findings with 
respect to anti-mycoHSP65 antibodies may have been due to cross-reactivity with 
£. coli HSP60 [21-24]. Some of these studies used mycoHSP65 made in £. coli by 
recombinant techniques but used inadequate methods of purification. Thus, when 
human cell lysates were used as a source of HSP, so that there was no possibility of 
contamination with bacterial HSP, no antibodies were detected against huHSP60, 
huHSP73 or huHSP90 [25]. Furthermore, most investigations failed to find any 
cross-reactivity between mycoHSP and huHSP60 [21-24, 26-28]. An elegant study 
on monozygotic twins discordant for RA failed to show any increase in anti- 
mycoHSP65 in the twin with RA [29]. The antibody response was the same as in 



113 




Table 2 - Antibody responses to mycobacterial, bacterial or human heat shock proteins in patients with rheumatoid arthritis 
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antibodies and RA for RA used in this novel study. 

Compared to healthy controls. 

1994 Mycobacterial HSP65 ELISA Higher concentrations in the [84] At variance with other results in 

synovial fluid literature showing no difference 




1995 Highly purified human ELISA Anti-human HSP60 antibodies [24] Previously described cross- reactivi- 

HSP60 exist independently of bacterial ties may have been due to contamin- 
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human and Myco HSP60 

1997 E. coli HSP60, mycobacterial ELISA, absorption Increased titre to human and to [21] Absorption experiments suggest 
HSP60, human HSP60 E. coli HSP60 that anti-human and anti-myco- 

bacterial HSP response due to 
cross- reactivity with E. coli HSP60 




1999 HSC70, HSP90 ELISA using Increased [87] Increased with disease duration 

bovine antigens and severity radiological damage 

2000 HSP47 (identical to colligin-2) Purification and Prevalence not given [88] A heat-inducible collagen binding 
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Individuals cross- reactivity 




Heat shock proteins and rheumatoid arthritis 



the healthy controls. Thus there is no conclusive evidence that an antibody response 
triggered by mycobacterial or bacterial HSP and cross-reacting with human HSP 
plays any part in the initiation and pathogenesis of RA. 



Summary 

There are many attractive hypotheses linking an antibody response to mycobacter- 
ial, bacterial or human HSP but no firm experimental evidence for any of them. 

Technical problems, such as the source and purity of HSP prepared by recombi- 
nant techniques in E. coli, vitiates many of the reported studies. 

There is little or no evidence for cross-reactivity at the antibody level between 
bacterial HSP and huHSP60 in the pathogenesis of RA. 



HSP and T-cell responses in RA 

The hypothesis behind the extensive amount of work that was carried out in this 
area in the 80s and 90s was that molecular mimicry between bacterial and human 
HSP would activate T-cells in the joints of patients with RA. Such activation would 
then contribute to the pathogenesis of the disease. One scenario proposed that THI 
T-cells would be activated that would directly lead to joint inflammation and dam- 
age. We have recently reviewed the role of T-cells in promoting and maintaining 
joint pathology in RA [30]. A different scenario proposes that exogenous bacterial 
HSP-responsive T-cells meet endogenous HSP up-regulated in the rheumatoid joint. 
The human peptides are similar but not identical to the homologous bacterial HSP 
peptides. When these human HSP peptides stimulate the T-cells recognising the bac- 
terial peptides, they behave as altered peptide ligands. The consequence of this is 
that the proliferation of the relevant T-cells may be decreased and the cytokines 
secreted altered from a THI to a TH2 profile. These two possibilities - the stimula- 
tion of a pro-arthritic THI response or the stimulation of an anti-inflammatory TH2 
response - await experimental verification in the setting of RA. The topic, stimula- 
tory differences between bacterial and mammalian HSP peptides on the basis of 
altered peptide reactivity, is reviewed in detail elsewhere in this volume. 

In Table 3, we have reviewed all the major studies with adequate controls that 
address the response of T-cells from patients with RA to various bacterial HSP or to 
the homologous human HSP. There are 24 such studies. Most of them compared PB 
mononuclear cell (MNC) proliferation between patients with RA, disease controls 
with other inflammatory joint diseases such as ankylosing spondylitis, and healthy 
controls. Fewer studies included patients with other inflammatory arthritides. MNC 
were usually used in these studies for convenience but the proliferation seen may be 
considered to be almost if not entirely due to proliferation of the T-cells contained 
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Table 3 - T-cell responses to mycobacterial, bacterial or human heat shock proteins in patients with rheumatoid arthritis 
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1988 Myco HSP65; tuberculin RA SF MNC and from other inflammatory [32] Propose that this reactivity, possibly via a 



Heat shock proteins and rheumatoid arthritis 
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Myco HSP65 PB and SF to PPD and to Myco HSP65 responding to Myco HSP65 

revealed no difference between the two 
compartments and between RA and 
healthy controls 




1991 Myco HSP65, HuHSP60 (1) CD4+ T-cell clones from a single homo- [91] (1) No support for cross- reactivity hypothesis 



Gabriel S. Panayi and Valerie M. Corrigall 



c 



O 

VD 

CL 



H CD 

= £ 

I fd 

^ 

^ Q 

LO < 

)? ^ 

Q- -r 



<D to 

<D <D 

Ss 



<D X 
.i= CD 

0 

^ 8 

£■ c 

— 

= m 

<D 

CD Q_ 

- 

^ o 

cj 

■^ >^ -J± 

to <r C 

4-» ^ <D 
to ^ ~ 

too 

c 

bo ■— CD 

^ -o 

to C ^ 

Q 8 Q 

1 (D I 

< ^ < 



cd ^ 

I 

c CD 

< O 

cd 

- ■§ 
to <J 
CD ' 
C 
CD 



>^ 
E 
o 

^ S- 

CL gr 

c 

O 15 

M— 

s I 

ctj c: 

Q_ cd 

E ^ 

— to 

no lE 



> 

o 

c 

>> 

to 

< 

C^ 

-»-• 

cd 

-C 

Q. 

CD 

CD 

£I 

O 

o 



c 

CD 

too I 



C VD 

> fill 



C Im 

Cd -g 

M— 

O to 
bjO C 

.E o 

ll 

<d jc^ 

U-> M- 

c c 

CD ■“ QQ 
O 

QJ to 
^ "o C 

V o 

to |_L 1+3 
CD tj 

too CD 

g- 

8 ti "a 

45 S 



CD 

> 



c 

o 

4 -» 

_cd 

13 

Q- 

O 

Q. 

E 

o 



"cd 



3 

< 

E 

o 



>s 

cd 

E 

QQ 

CL 



CD 

Cd 

JD 



to O ^ 
CD CL ^ 
C X ^ 
(D CD 
> _ > 



C 

o 

Q. 






CD (D 

E V 

r- to 

P O 



QC too 



CD 
CD 
Cd 
> 

-O o 

=3 u 

-i-» 

P o 

w c 



> 

C 1 - 

CD O 

(J 

U 3 ■“ 

-C c 

too 

T- d) 

-L (D 



CD 



CM CD 



cd 

JD 

O 

U Q. 

CO 

E I 



< 

a: 

c bJO 

i-i 

•> -Cl 

^ c 

.9 

E 

= 3 

CD CL 

V o 

Q. 

LO ^ 

^ - 
uo c 
I O 

o "5 
o c 

>s CD 

s ^ 

< CD 

too 

C 

^ cd 
^ c -o 
g c CD 

it c 1 
no o 



TO 

CD 

CO 

'c 

too 

o 

CD 

CD 



TO 

C 

o 

CL 



c 

CD 



< Ci_ TO 
QC ^ 

"9 c'^ 

CD <D 

> C 

^ _o 



Q 



CD 



3 

o 

too 

_o 

o 

E 

o 



o 

VD 

Q_ 

CO CD 
□: TO 
3 ^ 

X Q- 



^ CD 
>s JZ 



3 

fN O 



too 



CD 

Q- 

C 

cd 

E 

3 



CM 

LO 



CD 

to 

‘c 

cd 

^TO 

o s 

^ J£1 
^ 13 
< V 

h!- 

E ^ 

O CD 

viz ^ 
^ to 
to to 

C 

cd CD 
Q.:^ 
X I 
CD CO 
_ ^ 
13 E 

g 

_Q0 Q- 
^ O 

C 4-» 



rv 

no 



E ^ 

too cd 

CD £Z 
TO 



in 



>^ 

JQ 

in 

VD 

Q_ 



no 



o 

.E § 

4-) 
O CO 
-£Z ^ 

^ E 



TO 

C 

3 

'F O 

'to CO 
•= P to 





to 

4-> 


O 


X 




in 


CD 

4-J 


CD 






4-» 


o 




VO 


o 


P 


TO 

CD 

TO 

TO 


t_ 

O 

in 

VO 


CD 

to 

C 

O 


a 

>s 

s 


to 

O 

4-> 


CL 

CO 

X 


CD 


1- 

CD 

> 


cd 


Q_ 


Q- 


o 


£= 


o 


bp 




to 

C 

CD 


UO 

X 


to 

E 


4-1 

CD 

to 


o 

CD 


u 

>^ 

5 


liz 

o 


cd 

E 


too 


o 


o 


C 


o 




to 


6 

u 


c 


CD 


X 


o 

Q- 


< 


O 

4-» 


cd 


cd 


§ 


45 


to 

CD 


cd 


£Z 


4— » 

3 


QQ 


't_ 


o 

4-» 


CD 

3 

TO 


1- 

13 


E 

o 


_o 

4-» 

E 


JD 

U 


>^ 

CD 

£Z 


00 

4-* 


to 


o 


CD 


M— 


<D 


X 


CD 


CD 

Cd 


CD 

to 


Ql 




u 




s 


3 

O' 


JD 

O 

CD 


3 

O 

Q. 

to 


SZ 

q 

4-» 


o 

X 


X 


CL 


LL 

CO 


E 

LL 



CD _ 
TO 



QQ 

Q_ 



TO 

C 

cd 

< 



in 

VO 

Cl. 

CO 

X 



QQ oo 
Q- 



< 



>v 

u ■ 

sz 

CD : 
3 
O" 
P I 



c c ni 



CD 

> 



Cd 

CD 



CD 

■;q 

4-» 

Q. 

CD 

Q- 

TO 

C 

cd 



c 

CD 

U-> 

c 

cd 



cd 

JO 

o 



to 

£Z 

CD 

CO ^ 

^ o 



TO 

C 

cd 

to 

S in 
.5P^ 

CO 

X 



g. 8 



C 

cd 



o 

o 

>v 



O 

u 



U 



a 

u 

QQ 

~ 3 . 

d3 in 
■G ^ 
cd 

_Q dO 

O X 

t - 

< cd 



o\ 

G\ 



0^ 

0^ 



0^ 

0^ 



PM 

0\ 

0^ 



120 




1992 Mycobacterial HSP65 (1) SFMNC from two patients with [47] (1) Indirect support for concept that cross- 

and human HSP60 early RA screened for proliferation to reactivity between bacterial and self protein 

peptides from Myco HSP65 with could trigger auto immunity 

greatest homology to human HSP60 and (2) However, for previous statement to be true 

cultured T-cell clones from one patient the cytokine profile needs to be investigated. 



Heat shock proteins and rheumatoid arthritis 
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therein. Some studies compared the responses of T-cells isolated from the joint - 
usually the SF rather than the SM - but only one studied the response of T-cells from 
an inflammatory site other than the joint [31]. In this study there was enhanced pro- 
liferation of T-cells from RA SF as well as from pleural exudates of patients without 
RA to acetone-precipitated M. tuberculosis extract, £. coli lysate containing recom- 
binant mycoHSP65, and recombinant mycoHSP65 produced in £. co//, and £. coli 
lysate without the mycoHSP65 insert. The conclusion must be that T-cells from 
inflammatory sites are more reactive and that this enhanced reactivity is inflamma- 
tion rather than disease-specific. This is also the conclusion of Res et al. [32]. 

Closer inspection of the published work reveals the rather disappointing picture 
that there is no consensus as to whether T-cells from patients with RA exhibited 
increased responsiveness to mycobacterial antigens and/or bacterial HSP [31-41] or 
not [32, 36, 37, 42-46]. There are several explanations for this failure. The first is 
that the underlying hypothesis may be wrong. We believe the evidence is most com- 
patible with this conclusion. Other reasons for failure are mainly technical and 
methodological. Thus, it is not always clear whether the recombinant proteins used 
have been purified from other contaminating £. coli proteins, including £. coli HSP, 
or whether they contain endotoxin and, if so, the quantity. The culture conditions, 
methods for cell separation, the cell concentration and duration of cell culture are 
also different between the different studies. The duration of culture is crucial as cul- 
ture times equal to or less than seven days are looking at antigen recall responses, 
the relevant response in this context. By contrast, culture times of greater than seven 
days may be eliciting a primary immune response in vitro. This is clearly not rele- 
vant to the underlying hypothesis. 

This is one reason why we have not focused on work in which T-cell lines or 
clones have been generated as it is difficult to determine whether the cells thus gen- 
erated came originally from a recall or a primary immune response [47, 48]. Celis 
et al. [49] made T-cell clones from RA PB and SF that were T-cell receptor (TCR) 
ap positive and preferentially recognised peptides 1-170 and 303-540 of 
mycoHSP65. However, there was no evidence that such T-cells were expanded in 
vivo in the patients. Crucially for the hypothesis, these T-cell clones did not cross- 
react with huHSP60. However, for the sake of balance, it must be pointed out that 
the investigators made no effort to determine whether these mycoHSP-specific T-cell 
clones were able to recognise the homologous huHSP60 peptides as altered peptide 
ligands with a different cytokine secreting profile and lower proliferative rate. The 
predominant anti-mycoHSP T-cell clones were THl with high IFN-y production 
although some produced IL-10. One clone was of the THO type as it produced equal 
amounts of IFN-y, IL-10 and IL-4 [50]. 

Some of the experiments, however, give insights into how antigen-responsive T- 
cells may contribute and promote the pathogenesis of RA, as the processes uncov- 
ered are almost certainly not antigen-specific but rather mechanism-specific. Some 
of the mechanisms uncovered during work on HSP T-cell responses in RA are fasci- 
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nating. These include lysis of macrophages by CD4+ and CDS'" T-cells [51]; single- 
cell explants from RA SM organise into pannus-like tissue if T-cells and mycobac- 
terial antigens are added to the cultures [52]; and suppression of cartilage proteo- 
glycan synthesis in vitro via the secretion of IL-4 and TNF-a [35]. The relevance of 
these observations to the pathogenesis of RA is clear. What is clear, from the analy- 
sis of the published evidence, is that HSP are not driving antigen responses in the 
rheumatoid joint. The nature of the antigens that do, remain to be determined. 

Finally, we must briefly comment on the role, if any, of y8 T-cells in the patho- 
genesis of RA. Holoshitz [40] has recently reviewed this controversial area. T-cells 
responding to various mycobacterial antigens were found to be CDS'" in the RA SF 
with a high proportion of V81 while, by contrast, in the PB the y8 T-cells were 
Ti/yA'"/BB3'" [38]. The relevance of these observations to the pathogenesis of RA is 
not at all clear but the SF y8'" T-cells could cause joint damage by cytotoxic mecha- 
nisms [51]. It would be interesting and important if the y8^ T-cells found in the 
rheumatoid joint could be shown to be exerting regulatory influences within the RA 
SM, albeit inadequate for the degree of inflammation present. 



Summary 

There is no consensus that mycobacterial/bacterial HSP and the cross-reacting 
human HSP are significant antigens in the pathogenesis of RA. 

Many of the studies suffer from methodological and technical flaws or use dif- 
ferent experimental systems so that direct comparisons are difficult to make. 

Some of the studies provide useful insights into possible pathogenetic mecha- 
nisms initiated and maintained by T-cells at play in the rheumatoid joint. 

Perhaps the only test of the veracity of the hypothesis, that molecular mimicry 
between mycobacterial/bacterial HSP and human HSP is an important and relevant 
factor in the pathogenesis of RA, would be a successful therapeutic intervention 
based on such a hypothesis. 



Molecular mimicry between the third hypervariable region of HLA-DRB1 
and bacterial heat shock proteins 

Having considered the role of molecular mimicry between mycobacterial/bacterial 
HSP and the homologous human HSP in the pathogenesis of RA via the stimulation 
of T-cells, we shall now consider the very special proposal by Roudier and his col- 
leagues (reviewed in [53]) that the pathogenesis of RA is linked to molecular mim- 
icry between the third hypervariable region (3HVR) of the HLA-DRBl alleles linked 
to RA and molecular mimicry to the 40kD HSP from £. co//, DnaJ. DnaJ has an 11- 
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amino acid stretch of homology, particularly the segment spanning residues 61-65, 
with the 3HVR of HLA DRBP' 0401, encompassing residues 70-74. This suggests 
that molecular mimicry between these molecules could trigger autoimmunity or be 
a factor contributing to chronicity of rheumatoid arthritis (RA). Albani and col- 
leagues [54] immunised rabbits with recombinant DnaJ (rDnaJ) protein and pro- 
duced antibodies that reacted specifically with HLA DRBF0401 B-lymphocytes. 
Conversely, a rabbit antibody raised against the 3HVR of HLA DRBP' 0401 recog- 
nised rDnaJ in ELISA. The anti-rDnaJ antibody recognised native, conformational 
HLA DRBP 0401 present on the surface of B-lymphocytes. The gene for DnaJ is 
located immediately downstream of the DnaK gene, which codes for the E. coli 
HSP70. The DnaJ and DnaK proteins constitute a heat shock-inducible operon 
whose function includes protein folding and assembly. The human homologue of 
the £. coli HSP70, huHSP70, maps in the human MHC between the HLA-DR and 
HLA-B loci. It is not known whether there is a human homologue to DnaJ. Infec- 
tion with E. coli is universal and most human sera contain anti-rDnaJ antibodies. 
Yet not all humans who are HLA DRBP''0401 positive have RA; clearly there is 
more to developing the disease than cross-reactivity at the antibody level between 
RA-associated DRBl alleles and bacterial HSR 

A more relevant investigation would be to determine T-cell reactivity to the 
shared epitope and homologues of the shared epitope found in bacteria. Salvat et 
ak, from the same group that carried out the foregoing investigation, looked at T- 
cell proliferation to the 3HVR peptide [55]. They used 15-mer peptides from the 
3HVR of ='•0401, ‘"0402, ’‘'0404, ’"0301, 1601, 0701 and 0801. Proliferation to self- 
peptides encompassing amino acids 65—79 from the 3HVR regions of seven differ- 
ent DRBI alleles was a common phenomenon. By contrast, lymphocytes from DRBI 
0401 healthy control or patients with RA did not respond to DRBI ’^0401 3HVR 
peptide. Having excluded several confounding factors, including failure to present 
the peptide, they concluded that this was due to tolerance to the self-peptide. The 
favoured interpretation of this finding is that the RA-associated shared epitope may 
shape the T-cell repertoire during T-cell development in the thymus. However, 
McColl and colleagues [56] did not find increased T-cell reactivity to shared epitope 
peptides from DRBI ’•''0401 or from E. coli peptides, both for proliferation and for 
production of IFN-y, in patients with early onset RA. Interestingly, these patients did 
show T-cell reactivity to articular Type II collagen indicating that the failure to react 
to the peptides was not due to a general failure of lymphocyte responsiveness. Inter- 
estingly, T-cells from patients with RA do not proliferate to E. coli DnaK [37] but 
this is not predicted by Roudier’s hypothesis, as this bacterial HSP does not contain 
the shared epitope. 

Since the QKRAA sequence is found also on bacterial HSP, which are able to 
bind to and to transport other proteins, the shared epitope may promote strong pro- 
tein-protein interaction. Direct confirmation of this hypothesis has been provided by 
Auger et al. [57]. Affinity columns of different 3HVR DR peptides were used to 
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screen protein extracts from E. colt. Those columns carrying peptides containing the 
shared epitope QKRAA or the conservatively substituted RRRAA bound the 70 Kd 
HSP, DnaK. This finding would support the proposal, put forward above, that the 
QKRAA motif may promote protein interactions. Of additional, and possibly 
greater, relevance was the finding that in B-lymphoblastoid cell lines, homozygous 
for these same DRBI alleles, the constitutive 70Kd HSP, HSP73, co-precipitated with 
the HLA DRBI chains. HSP73 targets HLA DRBr''0401 to liposomes and thereby 
influence the processing of this and other proteins into antigenic peptides for pre- 
sentation by antigen presenting cells. What is puzzling, and remains unexplained, is 
why the HSP73/HLA-DRBI interaction was not seen with another RA-susceptibili- 
ty sequence, QRRAA. 

In experiments similar to the foregoing. Auger and Roudier [58] showed that the 
QKRAA motif mediated the binding of DnaJ to DnaK, the 70 Kd £. coU HSP. Thus, 
the shared epitope does promote protein-protein interactions. They propose that it 
is possible that after exposure to Enterobacteriae in HLA-DRB'‘*0401 individuals, 
bacterial DnaK proteins may bind the QKRAA motif on HLA-DR, triggering strong 
T-cell responses to HSP70s and, by unknown mechanisms, triggering RA. Plainly 
many other genes and, most likely, environmental factors, are involved in the trig- 
gering event in order to explain the relative rarity of RA compared to the frequen- 
cy of alleles containing the shared epitope in the population. 

However, the preceding experiments still left some doubts about the precise 
mechanisms involved in the interactions between HSP73, the human homologue of 
DnaK the 70Kd HSP of £. coli and HLA-DRBI alleles associated or not associated 
with rheumatoid arthritis. Auger and colleagues [59] attacked this problem head on 
by developing a quantitative precipitation assay and a direct binding assay. The 
development of these assays was necessary in order to refute criticisms of their pre- 
vious by Rich et al. [60]. They showed that RA-associated HLA-DRBI alleles bound 
HSP73 better than did HLA-DRBI alleles that were not associated with RA. HLA- 
DRBr' 0401 was the best HSP73 binder. 

£. coli HSP70, which is the molecular chaperone DnaK, interacts with its co- 
chaperone DnaJ in an ATP-controlled cycle of polypeptide binding and release to 
mediate protein folding [61]. The bindings of DnaJ to DnaK can also be mediated 
by possession of QKRAA motif in DnaJ as shown in Figure 1, modified from Auger 
and Roudier (1997) [58]. Very strong support for this model has been provided by 
Roth et al. [62]. Since HSP73 is known to transport peptides for MHC Class I pre- 
sentation [63] and also displays chaperone activity in MHC Class II presentation 
[64], it could be that the privileged interactions between HSP73 and HLA- 
DRBT‘ 0401 could cause more efficient processing in the Class II pathway and 
either induce the development of autoimmunity or perpetuate T-cell responses dur- 
ing the course of joint inflammation. This mechanism could be operating during T- 
cell education in the thymus as well as within the periphery, during peptide presen- 
tation. 
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Figure 1 

During thymic education (1) there is tolerance induction of ap"" T-cells to the "shared epi- 
tope " (2), according to the hypothesis of Roudier [94]. 

Holoshitz [40] proposes that this leads to the expansion of y5^ T-cells (3) that are unable to 
lyse B-cells (4) As a consequence, B-cells accumulate in the rheumatoid synovial membrane 
and efficiently present antigens, which drive the rheumatoid process (5), to disease specific 
T-cells, thus causing rheumatoid inflammation (6). 



Maier et al. [65] have provided partial confirmation of these findings which 
showed, using a sensitive binding technique, that peptides covering the 3HVR from 
RA-susceptibility and non-susceptible alleles bound DnaK. Similar binding speci- 
ficities were found for the constitutively expressed mammalian HSP, Hsc73, and the 
inducible mammalian Hsp72. Of great interest however was the finding that pep- 
tides containing the amino acid sequence DERAA, found in HLA-DR alleles strong- 
ly associated from protection from RA, did not bind any HSP70. 
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Unification of Roudier concept with T-cell responses to HSP in RA 

Holoshitz has proposed the hypothesis that a possible explanation for the 3HVR 
association with RA is that it confers ap T-cell tolerance so that it allows y8 T-cells 
with autoimmune potential to dominate [66]. The ap T-cell tolerance is, of course, 
the corner stone of the Roudier hypothesis reviewed and discussed above. Holoshitz 
notes that there are significantly more y6 T-cells in the synovial membranes and syn- 
ovial fluids of patients with RA than in the corresponding blood. However, there is 
controversy as to which subsets are expanded. On balance it would appear that 
there is expansion of an oligoclonal VY9-bearing y8 T-cell population in the periph- 
eral blood and joints of patients with RA. Holoshitz has shown that early in the 
course of RA there is a high frequency of Vy9A^52 T-cell clones. Interestingly, the 
frequency decreases with progression of the disease. The implication from these 
observations is that in established disease polyclonally activated y8 T-cells predom- 
inate. The natural mycobacterial ligands that may be responsible for the expansion 
of Vy9A^82 cells have been identified as isopentenyl pyrophosphate and the related 
prenyl pyrophosphate derivative. The relevance of these observations to the patho- 
genesis of RA is not clear. The T-cells bearing Vy9A^82 recognise the same epitope, 
180-188, within mycobacterial HSP65 recognised by a(3 T-cells. These cells have 
the ability to lyse a large number of tumour cell lines but not lymphoblastoid B-cell 
lines from RA patients. It is of interest to note in this context that ablation of B cells 
with an anti-CD20 monoclonal antibody improves disease activity in RA [67]. 
These observations can be put together into a single unified concept as is shown in 
Figure 1. 



BiP as an autoantigen and immuno-modulator in RA 

We [68] and Blass and colleagues [69] have proposed that BiP is an autoantigen in 
RA on the basis of auto-antibody production and T-cell proliferation. There is a sig- 
nificantly increased concentration of anti-BiP antibodies in the serum of patients as 
compared to patients with other inflammatory joint diseases or healthy controls [70, 
71]. Interestingly, patients with primary Sjogren’s Syndrome also have increased lev- 
els of anti-BiP antibodies not significantly different from those found in RA. Thus, 
patients with RA or primary Sjogren’s Syndrome share two auto-antibody systems, 
namely, rheumatoid factor and antibodies to BiP. There is no correlation between 
the two antibodies. The mechanism linking the co-expression of these two antibody 
systems is presently unknown. 

Both groups have shown that the proliferation to BiP of PB T-cells is low whilst 
we have found that the proliferation of SF T-cells is significantly higher than in the 
corresponding PB and only found in patients with RA [68]. It is of interest that, 
despite the low proliferation rate of these RA PB and SF T-cells, we have been able 
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Figure 2 

The multi-faceted involvement of HSP / chaperones in the pathogenesis of rheumatoid arthritis. 
The up-regulation of HSP in the rheumatoid synovium will lead to failure of apoptosis and 
hence, contribute to chronicity of inflammation by survival of cells such as the synovial 
fibroblasts. Systemic over-expression may also contribute to atheroma formation - a leading 
cause of death in RA. Extra-cellular cytokines may have pro- and anti-inflammatory effects 
depending on the nature of the cytokines released and the type of T-cells activated. 



to generate both CD4 and CDS T-cell clones from the SF or PB of patients with RA 
and from the PB of normal, healthy individuals [72-74]. These clones secrete IL-10 
and are presently being investigated for their immunomodulatory potential. 

BiP may have two additional immunomodulatory functions. The first is based on 
our observation that BiP stimulates anti-inflammatory cytokines, such as IL-10, 
from monocytes [75]. This suggests that BiP may have therapeutic potential for the 
treatment of RA. Indeed, this is borne out by our finding that intravenous (Myers 
L., unpublished) or subcutaneous (Thompson S.J., unpublished) BiP will treat ongo- 
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ing collagen-induced arthritis. Thus one can propose the hypothesis that some chap- 
erones/HSP may be released in the joint under conditions of stress and induce an 
anti-inflammatory/immunomodulatory programme while others may be inducing a 
pro-inflammatory response. The balance between these two opposing actions may 
well determine the final outcome. 



Summary and conclusion 

Our views of the role of chaperones/HSP in the pathogenesis of RA will have to 
undergo a radical reappraisal from molecules that may be involved in the perpetu- 
ation of arthritis to molecules with the potential to treat the disease. Indeed, this 
leads to the concept that HSP/chaperones may be critical molecules in the balance 
between pro- and anti-inflammatory forces in the RA SM (Fig. 2). Clearly the bal- 
ance needs to be pushed in favour of the latter. Perhaps molecules such as BiP may 
usher in a new era of biologic therapy not based simply on the inhibition or neu- 
tralisation of pro-inflammatory cytokines such as IL-1, TNF-a or IL-6. 
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Introduction 

Rheumatoid arthritis (RA) is an inflammatory disease that primarily involves the 
joints and has a worldwide prevalence of about one percent, with a female to male 
ratio of 3:1. This chapter aims to summarize some of the recent progresses in mol- 
ecular immunology, and to discuss the application of this new knowledge for ther- 
apeutic purposes. We will focus on recent experiences from us and others in modu- 
lation of antigen specific responses as a tool for manipulating autoimmune inflam- 
mation. Particular emphasis will be given to the concept of exploiting for 
therapeutic purposes a natural mechanism of immune regulation. This mechanism 
is based on sequential cross recognition of bacterial and human derived heat shock 
protein peptides. 



Rheumatoid arthritis 

Rheumatoid arthritis is a chronic systemic inflammatory disease which occurs when 
the synovial membranes in the joints are damaged by infiltrating mononuclear 
phagocytes, lymphocytes, and neutrophils [1]. Even though the course of RA is vari- 
able, patients tend to develop a progressive loss of cartilage and bone around the 
joints, resulting in highly painful and impaired mobility. 

Even if the cause and pathogenesis of this disease is complex, involving both 
genetic and environmental factors [2], several of its features are suggestive of an 
autoimmune etiology. The pathology of arthritic joints is suggestive of a T-cell-medi- 
ated chronic inflammatory reaction [3, 4]. 
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In recent years, much research has been focused on the infiltrating T-cells and 
mononuclear phagocytes. Research from several groups has tried to identify differ- 
ent populations of T-cells that may be involved in the pathogenic process. These 
studies have demonstrated that the T-cell repertoire in RA is relatively restricted, 
mimicking the characteristics of an antigen driven, yet polymorphic population. A 
pool of antigens may exist with the capability of triggering Thl delayed hypersensi- 
tivity responses. If such conditions in the synovial micro-environment are allowed 
to persist, such responses would be expected to lead to joint damage [2, 5-15]. 
Depletion of T-cells by thoracic duct drainage [16] or by immunosuppressive drugs, 
such as cyclosporin, has resulted in marked improvement, implying the importance 
of T-cells in the pathogenesis of RA [17]. 

Susceptibility to RA on the genetic level has been found to be associated with 
genes located in the Human Class II Major Histocompatibility complex (HLA) 
encoding the p-chains of HLA-DR molecules [18, 19]. A positive association is 
observed with several alleles of the DRBl gene. Upon comparison of protein 
sequences in the third hyper-variable region of these disease associated alleles, it has 
been observed that they share a five-amino acid stretch QKRAA, called the “shared 
epitope sequence” [20], thereby suggesting a role for auto antigen presentation [21]. 



Evolving therapy: From pharmacologic to immuno-mediated suppression 

Current therapy for rheumatoid arthritis includes a wide spectrum of medications 
that can be grouped according to their characteristics and to the pathophysiologic 
pathways which they target (Tab. 1). A common trait within the plethora of differ- 
ent medications available is their generic lack of specificity. Most available drugs 
target, in fact, one or more pathways of pathophysiologic inflammation. This leads 
to clinically detectable positive effects, such as, for instance, reduction of pain or 
control of the erosive process. However, shutting down entirely a given pathway, 
which has many physiologic roles, leads often to problems, which may range from 
tolerable side effects to grave induces immunodeficiencies. The balancing act 
between disease control and undesirable effects of the treatment is becoming 
increasingly more difficult. In fact, the recent dramatic advances in molecular 
immunology have brought to the market a new generation of potent biological 
agents, eminently interfering with a cytokine which is part of pro-inflammatory 
pathways. Efficacy for these drugs is often remarkable, to the point that some, par- 
ticularly those interfering with TNF-a-mediated inflammation, are gaining ground 
as first line agents in some aggressive therapeutic protocols. Aside for the cost, the 
limitations of use for these agents reside in increased risks of transitory immunode- 
ficiency, with some reported cases of tuberculosis infections. Moreover the duration 
of the therapeutic effects for these drugs is often associated with continuous admin- 
istration. In fact, if the drug is withdrawn there is often a relapse in disease activity. 
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Table 1 - Traditional rheumatoid arthritis treatments 



Drug 


Physiological effects (process influenced) 


NSAIDs 


Prostaglandin synthesis, leukotriene synthesis, superoxide radi- 
cal production, superoxide scavenging, lysosomal enzyme 
release, cell membrane activities; enzymes NAPDDH oxidase 
and phospholipase: transmembrane ion transport; uptake of 
prostaglandin precursor, neutrophil aggregation and adhesion, 
lymphocyte function, rheumatoid factor production, cytokine 
production, cartilage metabolism, syntesis of oxide nitric. 


Analgesics 


Central level 


Glucocorticoids 


Reduction of: inflammation caused by cytokines, NO, 
prostaglandins, leukotrlenes; reduced emigration of leukocytes 
from vessels, induction of apoptosis in lymphocytes and 
eosinophils. 


DMARDs 


Interferes with adenine and guanine ribonucleosides, crosslink 
DNA, suppresses IL2 synthesis and release, suppresses T-cell 
response and interaction, inhibition of dihydrofolate reductase, 
thymidylate synthetase and phosphoribosylaminoimidazolecar- 
boxamide transformylase activity, IL1 and IL2 suppression, 
metalloproteinase inhibition: possible effects on PMN and lym- 
phocyte function. 


Biologic response modifiers 


Neutralization of pro-inflammatory cytokines, blockage of pro- 
inflammatory cytokine signaling. 



Other biological agents are currently being developed and tested. Some target 
small molecules involved in signaling, and are still faraway from large scale trials. 
Other efforts have focused on eliminating indiscriminately, by using monoclonal 
antibodies, one or more subsets of immune cells involved in the pathogenic process. 
These approaches have often shown transitory results with a high degree of side 
effects. A new generation of monoclonal antibodies is being developed, which cap- 
italizes on the previous experience in the hopes of ameliorating the balance between 
efficacy and safety. Other therapeutic attempts have been aimed, by employing 
either peptides or antibodies, at T- and B-cell idiotype/antidiotype networks with yet 
unconvincing results. 

Altogether, the next generation of immune therapy drugs will face the challenge 
of matching the efficacy of currently available biologies while reducing costs and 
side effects. This challenge can probably be met only by evolving the target focus 
from non-specific to disease related pathophysiologic mechanisms. These mecha- 
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nisms include the likely multiple antigens which contribute to generation and per- 
petuation of the inflammatory process. Unfortunately, this approach has been ham- 
pered by the attempt to identify the “one” antigen responsible for the disease. This 
almost holistic search has, to date, been unsuccessful, neither have been the corre- 
lated therapeutic attempt aimed at one specific antigen considered as the main cul- 
prit. The mixed results with tolerization to collagen and the recent negative outcome 
of Organon’s gp39 Phase II trial are among the recent examples. Reasons for these 
unsatisfactory outcomes can be several, starting from inappropriate patients’ selec- 
tion to lack of measurement of biological efficacy of the treatment. Conceptually, 
however, antigen-specific T-cell therapy could have a better chance to succeed if the 
antigen chosen played a specific role in pathogenic rather than in the etiologic 
process. 



Immune basis of physiologic tolerance 

Understanding the role that T-cells play in the immune system is important in under- 
standing how autoimmunity occurs. During the maturation process, T-cells that 
have a specificity for foreign antigens are selected while those that recognize auto- 
antigens are deleted, tolerated, down-regulated [22], or may simply ignore the tar- 
get protein [23, 24]. Autoimmunity occurs when this system is altered and these T- 
cells become activated upon encounter with the body’s own proteins. This can occur 
for several reasons; when auto-antigens that are normally not exposed to the periph- 
eral environment become exposed, or it can occur due to cross recognition between 
foreign and self-antigens carrying similar epitopes. 

The vertebrate immune system is comprised of two systems: innate (or natural) 
and adaptive (or acquired) immunity. Innate immunity provides for a rapid anti- 
microbial response that precedes a more specific adaptive immune response. The 
innate immune system employs different cell populations and soluble components 
(e.g., antibacterial peptide, complement, tumor necrosis factor (TNF), IL-1, IL-12 
and IL-1 8). The early host defense also has an additional role in determining the 
nature of downstream adaptive immune responses [25]. Adaptive immunity 
involves the use of lymphocytes to remove foreign invaders in an antigen-specific 
fashion. 

Inflammation, which is closely associated with both arms of the immune system, 
is another mechanism for clearance of foreign antigens. However, inflammation is 
also involved in driving autoimmune reactions. It is clear that the difference between 
autoimmune protection and autoimmune disease is a matter of the intensity and the 
timing of the autoimmune inflammation, because the autoimmune T-cells may be 
the same [26]. Destructive autoimmunity is the final consequence of a complex 
multi-step process, and is strongly supported by inflammation. Multiple steps that 
accomplish the inflammatory process are described in Figure 1 . The first inflamma- 
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Figure 1 

Inflammatory process involves both the innate and adaptive arms of immunity. 

After damage, for instance by physical insult, pathogens, organic materials, tissue injury fol- 
lows. Many mediators are produced such as plasma proteases, peptides and amines, pro- 
inflammatory cytokines, and lipid mediators. These compounds are produced by several dif- 
ferent kinds of cells: endothelial cells, macrophages (MO), dendritic cells (DC), phagocytes, 
neutrophils, NK, NKT, T-, and B-cells. The main purpose of inflammation is the quick death 
and clearance of foreign antigen as well as the damage repair. Clearance and resolution may 
take the form of wound repair, apoptosis, angiogenesis, and/or anti-inflammatory cytokines. 
There is also a possibility of stimulus perpetuation thus producing self reverberating cycles 
of inflammation that can lead to autoimmune diseases. T-cells are involved in the process to 
turn off the initial inflammation by the production of regulatory cytokines as well as the 
down-regulation of their T-cell receptors, or by going into clonal deletion or anergy. Tradi- 
tional therapy in RA focuses on steps 1 through to 4 but disease outcome would be better 
controlled through the modulation of the immune system in step 5. 
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tory events may be generated by different ways as physical insult, pathogens or inor- 
ganic materials. Innate as much as adaptive immunity is activated, thus releasing 
several agents into the micro-environment. Under normal conditions, the inflam- 
matory process is turned off as soon as possible to avoid its deleterious effect. Mech- 
anisms involving regulatory T-cells and anti-inflammatory cytokines are secreted 
later in the inflammatory process; helping the organism to stop the inflammation. 
Absence or low efficiency of these regulatory mechanisms may lead to perpetuation 
of inflammation and pathologic autoimmunity. Several steps along this pathway can 
be implemented to stop the self-reverberating cycles of inflammation that are char- 
acteristic of autoimmune diseases. These are shown in Figure 1 (steps 1-5) and are 
as follows: (1) inhibit non-specific T-lymphocyte activation, (2) inhibit the produc- 
tion or neutralization of pro-inflammatory cytokines, (3) reduce inflammatory 
mediators such as prostaglandins and leukotrienes, (4) intervene in innate immuni- 
ty by inhibiting nitric oxide synthase and adhesion molecules, and (5) T-cell specif- 
ic intervention. 



Strategy behind the therapy 

T-cells play a role in the events initiating and propagating autoimmune inflamma- 
tion in RA. Modulation of such T-cell driven, epitope-specific pathways would rep- 
resent a major addition to the available therapeutic options. This method would be 
specific, non-toxic, and possibly permanent. Modulation of T-cells in an antigen- 
specific fashion may lead to control of autoimmune inflammation, with possible 
clinical improvement. In order to not repeat some of the mistakes of the past, how- 
ever, several things need to be changed. In particular: 

1) a clear understanding of the mechanism that leads to epitope specific immune 
deviation is essential prior to venturing into larger scale clinical application; 

2) the characteristics of the epitope of choice need to be relevant to immune patho- 
genesis; 

3) the characteristics of the route chosen for immune deviation need to be fully 
exploited. 



The route - mucosal tolerance 

Tolerance could be defined as any mechanism by which recognition of an antigen 
is not followed by an immune response devoted at its elimination. As such, toler- 
ance is an important component of a healthy immune system. Autoreactive cells, 
such as those reacting with brain antigens, thyroglobulin, serum albumin, collagen 
and others autoantigens are, in fact, not deleted and are present in all individuals 



144 




Heat shock proteins for immunotherapy of rheumatoid arthritis 



[27]. They not only remain harmless under normal conditions, but autoreactive 
cells may have an important function in maintaining tissue homeostasis and may 
be differentially focused depending on the tissue and the autoantigen [28]. The 
basis of immunologic tolerance does not appear to be simply distinguishing 
between self and non-self, but reacting to danger signals that confront the immune 
system [29]. Thus, immunological tolerance cannot rely solely on neonatal dele- 
tional events, but requires and active process that functions during the entire life of 
the organism. 

Mucosal tolerance is an immunological mechanism designed to deal with exter- 
nal antigens such as foods that gain access to the body. Tolerance is an active 
immunologic process and is mediated by more than one mechanism. The adminis- 
tration of low doses of antigen favors the induction of active cellular regulation 
[30], whereas higher doses favor the induction of anergy or deletion [31, 32]. Thus, 
mucosal tolerance is a complex process that involves suppression/modulation of 
some immune responses and the induction of others. Antigen-specific peripheral T- 
cell tolerance can be induced through oral or nasal administration of a relevant anti- 
gen [33, 34]. In several experimental autoimmune models, oral administration of a 
disease triggering autoantigen has led to considerable suppression of disease activi- 
ty [35-37]. 

Successful experiments in RA rat models (adjuvant induced arthritis (AIA)) have 
shown promising results using heat shock protein (HSP) peptides to modulate the 
induced disease. Such examples include HSP60 [38], HSP65 [39], HSPIO [40], 
HSP70 [41], and various other examples reported in the literature. For instance, in 
rat AIA it demonstrated that using an altered peptide ligand of HSP60, it was pos- 
sible to induce highly effective protection against AIA through the generation of reg- 
ulatory cells that produce IL-4, TGF-p, and IL-10. Furthermore, it has been report- 
ed that this induced tolerance is driven mainly by production of ILIO [38]. Also 
Wendling et ah, has shown that mucosal tolerance, with a peptide like a HSP70 pep- 
tide, the intrinsic capacity of a conserved bacterial HSP to trigger self-HSP cross- 
reactive T-cells with the potential to down regulate arthritis via ILIO [41]. 



Pan-HLA DR binding heat shock protein peptides as immunoregulatory 
agents 

The approach which we are testing is based on the concept that epitope-specific T- 
cell therapy should target immune responses directly involved in the pathogenesis 
rather than in the etiology of autoimmune disease. It is therefore possible that some 
pathways are shared among different diseases. It should also be considered that T- 
cell mediated inflammation may be driven by several different antigens, which 
should have in common the following characteristics in order to be candidates as 
immunomodulatory agents: 
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1) Be part of proteins with documented strong antigenic potential. 

2) Induce the production of cytokines with either stimulating or regulatory function 
in inflammation. 

3) Be part of proteins that are readily available and possibly over expressed at the 
site of inflammation. 

4) Possibly be part of proteins that contain domains conserved across species. This 
latter characteristic would be important in the context of abnormalities in 
immune regulation induced by cross-reactive recognition (i.e., molecular mimic- 
ry). 

Heat shock proteins are uniquely positioned in this context. Heat shock proteins are 
ubiquitous, being expressed by virtually every living cell, from prokaryotes to 
eukaryotes. They are up-regulated under stress-type stimuli, including inflammato- 
ry processes occurring during normal immune responses [42]. Heat shock proteins 
are highly conserved, with significant interspecies homologies [43]. HSPs are strong- 
ly immunogenic molecules as well, having the capability of modulating autoimmune 
processes, as shown in several systems [7, 44-47]. 

More than ten years of experiments have been devoted to studying the potential 
role of bacterial heat shock proteins in the pathogenesis of arthritis, first in animal 
models, then in people [46, 48-50]. Heat shock proteins are major bacterial anti- 
gens. For example, antibodies and T-cells reactive with HSP65 and dnaj class of 
HSPs are abundant in synovial fluids of RA patients [44, 48, 50-56]. 

Sequence similarities between self-and exogenous proteins are common. For pro- 
teins such as enzymes, this might simply reflect a conservation of functional sites as 
with HSPs. However, this might also have additional implications for proteins in the 
immune system. Molecular mimicry might play an important part in the creation of 
the immune repertoire; it might also represent a way for a pathogen to escape the 
host’s immune surveillance. Molecular mimicry might be the trigger for abnormal 
cross reactive responses that lead, in some instances, to autoimmune responses 
[57-59]. 

Recent studies done by several groups including ourselves have found that 
immunological responses to bacterial HSPs are implicated in the pathogenesis of 
arthritis in animals and in humans. The role of HSPs has been widely described and 
provide a promising avenue of intervention. HSPs are present at the site of inflam- 
mation and have been described as relevant targets of T-cell responses in immune 
mediated diseases such as arthritis. Bacterial HSPs have human counterparts with a 
high degree of homology. Hence it has been suggested that potentially pathogenic 
responses are initially triggered by the encounter of the immune system of the host 
with proteins of bacterial origin, and subsequently perpetuated by recognition on 
self-homologues. This cross reactivity may be part of the chronic inflammation 
process. We have found (Kampuis, Albani and Prakken, submitted, and Massa, 
Prakken and Albani, manuscript submitted) in several inflammatory diseases that 
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£ coli dnaJpl peptide sequence 


QKRAA YDQYGHAAFE 


S. typhi dnaJ 


QKRAAYDRFGHAAFE 


V. cholerae dnaJ 


QKRAA YDRYGHAAFE 


Brucella ovis dnaJ 


QKRAAYDRFGHAAFE 


R. fredii dnaJ 


QKRAA YDRYGHAAFE 


H. influenzae dnaJ 


QKRAAYDQYGHAAFE 


C crescentus dnaJ 


QKRAA YDRFGHAGVN 


Lactobacillus lactis dnaJ 


QKRAA YDQYGEAGAN 


HLA DRBH0401 


QKRAA VDTYCRHNYG 




shared epitope 



Figure 2 

Aligned amino acid sequences of the dnaJ proteins that contain the '"shared epitope 
Also included is the sequence of the third variable region of HLA DRB1 *0401. 



recognition of bacterial HSP-derived peptides is associated with an up-regulation of 
the inflammatory process. Conversely, recognition of human-derived HSP peptides 
leads to generation of regulatory mechanisms which may be central in physiologic 
regulation of inflammation but may be altered in autoimmune conditions, such as 
rheumatoid arthritis. Our objective is therefore to induce a recalibration of this 
“molecular dimmer” for therapeutic purposes. The idea is to exploit and expand the 
regulatory mechanisms by either inducing tolerance to pro-inflammatory epitopes 
or by increasing T-cells specific for self-derived epitopes that possess naturally reg- 
ulatory properties. 

The dnaJ class of HSP from £. coli and several other pathogens contain the com- 
mon QKRAA sequence called the “shared epitope” (Fig. 2). 

In preliminary experiments, cellular and humoral immune responses to the 
region of £. coli dnaJ that includes the QKRAA sequence in adult patients with 
early RA have strong immune responses to the epitope that resembles the RA 
sequence motif, and not in normal subjects or patients with other autoimmune dis- 
eases [7]. A very good correlation exists between the HLA-binding avidity of a pep- 
tide derived from dnajp, dnajpl, and T-cell responsiveness in patients with RA [7]. 
The “shared epitope” sequence, when placed at the N-terminal of the peptide 
(dnajpl), was necessary both for T-cell activation and the observed effects on HLA 
binding. Indeed, individual amino acid substitutions or sequence frame shifts result- 
ed in dramatic reductions in HLA-binding avidity and T-cell responsiveness. HLA- 
DR is the presenting molecule for the dnajpl peptide [7]. 

We have also found that T-cell recognition of the dnajpl peptide, is associated 
with RA and not simply a consequence of DRBr‘*0401 expression [15]. Early RA 
patients also have enhanced humoral and cellular responses to antigen from the 



147 




Gisella L. Puga Yung et al. 



Epstein-Barr virus. Brucella bovis^ and Lactobacillus lactis that also contain the 
QKRAA sequence [14]. 

There are several hypotheses that have been proposed to explain why this reac- 
tivity is preferentially observed in patients with RA. The first hypothesis assumes 
that these amino acids are essential for the formation of a special binding pocket 
[60, 61]. Another hypothesis proposed that the “shared epitope” also exists in for- 
eign antigens, e.g., micro-organisms. Within a different framework, the same amino 
acid sequence may function as an epitope for the immune system and eventually 
break the tolerance of the system toward peptides derived from its own DRB chains 
(a variation of the “molecular mimicry” hypothesis) [15, 62]. Indeed, the QKRAA 
sequence was identified within the £. coli dnaj chaperone; in rabbit antisera, 
immunologic cross reactions between these foreign antigens and the DRl chain have 
been described [13]. Also, another possible hypothesis is that this QKRAA stretch 
may be an important sequence motif with a biologic function different from antigen 
presentation (the “functional motif” hypothesis) [63-65]. 

We propose that in RA, interplay between HLA and dnajp-derived peptides 
maintains and stimulates T-cells, which participate in autoimmune inflammation 
[14, 15, 66, 67]. Dnajpl belongs to a group of HSP-derived peptides which share 
many functional aspects that are found in different inflammatory diseases. These 
peptides may act as natural dimmers of inflammation and have been designed in 
order to contain HLA binding motifs enabling binding to the most commonly rep- 
resented haplotypes. Hence, the approach which we developed for dnajpl in RA 
could be theoretically extended to various autoimmune diseases bypassing haplo- 
typic differences. 

Dnajpl has several interesting characteristics that make it a good candidate for 
T-cell epitope specific immunotherapy: 

1) it belongs to an HSP that is highly antigenic; 

2) it induces cytokine production during the inflammation process; 

3) dnaJ human homologues are expressed in the inflamed synovium tissues [51] 
and may be part of the “immunological dimmer” mechanism; 

4) as with other HSPs, it is highly conserved across species; 

5) it has the “shared epitope” sequence; 

6) it is also able triggers pro-inflammatory responses in T-cells from RA patients in 
a disease specific fashion [7]. This is a unique approach that allows a large field 
of possibilities. 



A peptide as "molecular dimmer" 

Based on the route of administration and the antigen, we propose to gradually mod- 
ulate T-cell responses to the target epitope. Expansion of regulatory mechanisms can 
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be achieved by either inducing tolerance to pro-inflammatory epitopes or by increas- 
ing T-cells specific for self-derived epitopes, which possess natural regulatory prop- 
erties acting through bystander suppression. In essence, we are using a conserved 
domain of E. colt HSP that is also a homolog of human antigens to exploit the nor- 
mal regulatory cells with reactivity against such epitopes to re-establish the balance 
between autoimmunity and immunity. 

As discussed before, autoreactive T-cells upon cross recognition between patho- 
genic and self-homologues may become activated and driven toward a pro-inflam- 
matory state (Fig. 3 upper). On the other hand, the same autoreactive T-cells may 
encounter the same antigen (dnajpl peptide), but in a different environment, such 
as the mucosal tissue; thereby producing an entirely different result. Due to the char- 
acteristic of the mucosa as discussed before, the immune response assembled will 
drive T autoreactive cells towards a regulatory pathway. Now these cells will be able 
to modulate and turn off the inflammatory process by the secretion of anti-inflam- 
matory cytokines such as IL-10 and TGF-(3. These T-cell populations are able to 
deviate into regulatory T-cells and thus carry out their function by specific or 
through bystander suppression mechanisms (Fig. 3 lower). 



Mucosal modulation of immune response to HSP in RA 

A Phase I clinical trial was performed using 15 patients with early rheumatoid 
arthritis that were treated for six months with dnajpl. The objective of this project 
was to modulate immune responses to dnajpl by inducing a qualitative switch of 
antigen-specific T-cell responses from a pro-inflammatory phenotype to a more 
tolerogenic one. Inclusion criteria for the study required diagnosis of clinically active 
disease and immune responsiveness to dnajpl. Patients were monitored monthly for 
clinical and immunological effects of the treatment. In vitro T-cell responses to 
dnajpl were monitored by measuring T-cell proliferation and cytokine production. 
Data obtained from this completed Phase I clinical trial has yielded interesting 
observations: 

1) Treatment with dnajpl is safe. No side effects have been reported to date by the 
patients enrolled. This confirms the general consensus regarding the proven safe- 
ty of oral tolerization approaches in humans. 

2) In vitro responses to dnajpl are accompanied, in patients with RA before the 
beginning of the treatment, by production of pro-inflammatory cytokines such 
as IFN-y, and interestingly, also TNF-a (Tab. 2). This latter finding may under- 
score the central role played by HSP-derived peptides in chronic inflammatory 
pathways related to autoimmunity. 

3) By employing a novel technique (T-cell capture, TCC) for the detection of epi- 
tope specific T-cells [68], we could estimate dnajpl -specific T-cell numbers pre- 
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Figure 3 

‘‘Molecular dimmer" model. 

Upper panel shows how peptide epitopes are able to Induce inflammation. These peptides 
may belong to foreign or self antigens, but under an inflammatory environment they are able 
to be activated into effector T-cells and produce more inflammation and damage. On the 
other hand, the same or homologous peptides may also be able to induce tolerogenic behav- 
iors (lower panel) depending on the route that they are presented (i.e., mucosal tolerization). 
These immunomodulatory peptides share common characteristics because they are recog- 
nized by regulatory cells and are able to stimulate those regulatory cells to maintain immune 
balance through secretion of regulatory cytokines like IL-10 and TGF-p. 



sent in PBMC as 1% of CDS'^ cells specific for the peptide in short-term cell lines 
stimulated with dnajpl. This number is significantly lower than the number of 
CD3^ cells producing, upon stimulation with dnajpl in the same culture, IFN-y 
and TNF-a. Hence, bystander activation effects are implicated with reactivity to 
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Table 2 - DnaJpl modulation of in vitro immune response 



Day of 
treatment 


In vitro 
proliferation 
% of reduction 


IL-2 

% of reduction 


IFN-y 

% of reduction 


TNF-a 

% of reduction 


14 


0% 


0% 


0% 


0% 


28 


9.1% 


98.2% 


99.4% 


25% 


56 


-27% 


46.5% 


94% 


90% 


84 


9.1% 


98.2% 


97.6% 


100% 


112 


36.4% 


98.2% 


99.8% 


100% 


140 


-27% 


98.2% 


100% 


100% 



Cytokine data represent intracellular staining of CD 3^ gated PBMC after incubation with 
dnaJpT Results are expressed as % change as compared to day 14. \n vitro proliferation per- 
formed by uptake using freshly isolated PBMC. Results of proliferation assays are 
expressed as % change as compared to day 14. 



dnajpl in RA. The modulation of this pattern of reactivity alone may represent 
a valid therapeutical approach; complementary to other immunologic or phar- 
maceutical strategies. 

4) Oral treatment with dnajpl reduces T-cell proliferative response, as well as pro- 
duction of IL-2, IFN-y and TNF-a by both specific and bystander cells, as seen 
in Table 2. 

5) Production of IL-4, occurs upon treatment. The number of cells producing IL- 
4 largely exceeds the stimulated number of dnajpl -specific T-cells. This effect, 
which is the consequence of an epitope-specific treatment and which is pre- 
sumably tolerogenic is therefore, affecting a large population of bystander cells 
[69]. 

6) We found by TCC that dnajpl -specific T-cell numbers did not change, while 
the majority of TNF-a-producing cells were replaced by IL-10 and IL-4 pro- 
ducing cells, thus indicating true immune deviation rather than clonal deletion. 
The success of this trial has been followed by a Phase II trial that is currently 
running. 

In summary, we have evidence of a treatment-induced switch from a pro-inflamma- 
tory to a tolerogenic pattern of cytokine production from T-cells in RA patients. 
This qualitative change is not a consequence random cyclic relapses of RA, as 
shown by the fact that changes in T-cell responses to control antigens and mitogens 
changed randomly during the course of the treatment. 
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Table 3 - Statistical analysis of clinical outcome data 



Treatment groups 


p-values versus no 


Area under the curve 


p-values versus no 




treatment on day 23 


(AUC) 


treatment (AUC) 


Etanercept 
(3 doses) 


0.004 


42.639 


0.03 


Etanercept 
(1 dose) 


0.299 


48.858 


0.1 


180-188 peptide 
(4 doses) 


0.069 


54.726 


0.26 


Etanercept (1 dose) 
+ 180-188 peptide 
(4 doses) 


0.0004 


40.369 


0.02 


No treatment 




77.748 





Combination treatment with Etanercept and mycobacterial HSP60 peptide 180-188 consid- 
erably suppresses adjuvant induced arthritis (A! A), statistical analysis of clinical outcome 
data. AIA was induced in susceptible Lewis rats on day 0 with Mycobacterium tuberculosis 
in I FA. From day seven, arthritis scores were assessed. On day nine rats were randomly divid- 
ed into four treatment groups (n = 15), receiving: 

(1) 3 doses of Etanercept s.c. (day 9, 11, 13); 

(2) 1 dose of Etanercept s.c; 

(3) 4 doses of HSP60 peptide 180-188, nasally; 

(4) 1 dose of Etanercept s.c. (day 9) followed by four doses of 180-188 nasally 
(day 10, 13, 16, 19) and 

(5) no treatment. 



Combination of epitope-specific and anti -cytokine therapy as a novei 
therapeutic approach 

In studies in AIA [70] we have explored whether the combination of epitope-specif- 
ic T-cell therapy and anti-TNF-a therapy would enable disease control while allow- 
ing for a significant reduction of anti TNF-a dose. Our studies have shown that sin- 
gle dose of Etanercept, a potent anti-inflammatory agent, followed by mucosal tol- 
erance induction to the arthritogenic epitope (HSP60 peptide 180-188), led to a 
significant suppression of arthritis to the same extent as a full course of Etanercept 
therapy in adjuvant induced arthritis (AIA) rats (Tab. 3). 

This combination therapy led to the induction of antigen specific regulatory 
cells, characterized by the production of IE- 10, IL-4 and TGB-p as well as to the 
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expression of CTLA4 in the mandibular lymphonode cells (MNL) and to a decrease 
of IFN-y production. This indicates that this tolerance might be directed by IL-10 
producing regulatory T-cells. 

This finding may, in our view, offer exciting prospects for immunotherapy of 
various autoimmune diseases. 



Conclusion 

We have found that E. coli HSP derived dnajpl peptide is only one of several pos- 
sible antigens able to modulate the immune system in RA. We were able to show 
that using an HSP derived peptide it was possible to modulate the immune behav- 
ior of T-cells with clinically positive effects on RA patients. Effective immunothera- 
py of RA in the near future will most likely comprise of a combination of several 
approaches, given the complexity of pathogenic mechanisms, the likely multiplicity 
of the antigenic triggers, and the central role played by bystander, antigen non-spe- 
cific mechanisms. Immunomodulation of the inflammatory process by one or more 
combined HSP through mucosal tolerization is one of the enticing tools which cur- 
rent research is offering. In this context, it will be important to emphasize also that 
trial design must take into account measurement of changes induced by the treat- 
ment on relevant immune responses, therefore dissecting to a molecular level the 
mechanisms which the therapy is targeting. Reliance on clinical outcomes alone may 
in fact be deceiving. This may be a crucial point to differentiate future attempts from 
previous failures. 

References 

1 Palmer DG (1995) The anatomy of the rheumatoid lesion. Br Med Bull 51: 286-295 

2 Harris ED Jr (1990) Rheumatoid arthritis. Pathophysiology and implications for thera- 
py. N Engl J Med 322: 1277-1289 

3 Salmon M, Gaston JS (1995) The role of T-lymphocytes in rheumatoid arthritis. Br Med 
Bull 51: 332-345 

4 De Keyser F, Elewaut D, Vermeersch J, De Wever N, Cuvelier C, Veys EM (1995) The 
role of T cells in rheumatoid arthritis. Clin Rheumatol 14 (Suppl) 2: 5-9 

5 Feldmann M, Brennan EM, Maini RN (1996) Rheumatoid arthritis. Cell 85: 307-310 

6 Fox D A (1997) The role of T cells in the immunopathogenesis of rheumatoid arthritis: 
new perspectives. Arthritis Rheum 40: 598-609 

7 Albani S, Keystone EC, Nelson JL, Ollier WE, La Cava A, Montemayor AC, Weber DA, 
Montecucco C, Martini A, Carson DA (1995) Positive selection in autoimmunity: 
abnormal immune responses to a bacterial dnaj antigenic determinant in patients with 
early rheumatoid arthritis. Nat Med 1: 448-452 



153 




Gisella L. Puga Yung et al. 



8 Weyand CM, Goronzy JJ (1997) The molecular basis of rheumatoid arthritis. / Mol Med 
75: 772-785 

9 Kohsaka H, Nanki T, Ollier WE, Miyasaka N, Carson DA (1996) Influence of the 
rheumatoid arthritis-associated shared epitope on T-cell receptor repertoire formation. 
Proc Assoc Am Physicians 108: 323-328 

10 Walser-Kuntz DR, Weyand CM, Weaver AJ, O’Fallon WM, Goronzy JJ (1995) Mecha- 
nisms underlying the formation of the T cell receptor repertoire in rheumatoid arthritis. 
Immunity 2: 597-605 

1 1 Hingorani R, Monteiro J, Furie R, Chartash E, Navarrete C, Pergolizzi R, Gregersen PK 
(1996) Oligoclonality of V beta 3 TCR 20 chains in the CD8^ T cell population of 
rheumatoid arthritis patients. / Immunol 156: 852-858 

12 Weyand CM, McCarthy TG, Goronzy JJ (1995) Correlation between disease phenotype 
and genetic heterogeneity in rheumatoid arthritis. / Clin Invest 95: 2120-2126 

13 Albani S, Tuckwell JE, Esparza L, Carson D A, Roudier J (1992) The susceptibility 
sequence to rheumatoid arthritis is a cross-reactive B cell epitope shared by the 
Escherichia coli heat shock protein dnaj and the histocompatibility leukocyte antigen 
DRB10401 molecule. / Clin Invest 89: 327-331 

14 La Cava A, Nelson JL, Ollier WE, MacGregor A, Keystone EC, Thorne JC, Scavulli JF, 
Berry CC, Carson DA, Albani S (1997) Genetic bias in immune responses to a cassette 
shared by different microorganisms in patients with rheumatoid arthritis. J Clin Invest 
100: 658-663 

15 Albani S, Carson DA (1996) A multistep molecular mimicry hypothesis for the patho- 
genesis of rheumatoid arthritis. Immunol Today 17: 466-470 

16 Vaughan JH, Fox RI, Abresch RJ, Tsoukas CD, Curd JG, Carson DA (1984) Thoracic 
duct drainage in rheumatoid arthritis. Clin Exp Immunol 58: 645-653 

17 Sany J (1990) Immunological treatment of rheumatoid arthritis. Clin Exp Rheumatol 8 
Suppl 5: 81-88 

18 Ollier W, Thomson W (1992) Population genetics of rheumatoid arthritis. Rheum Dis 
Clin North Am 18: 741-759 

19 Wordsworth BP, Lanchbury JS, Sakkas LI, Welsh KI, Panayi GS, Bell JI (1989) HLA- 
DR4 subtype frequencies in rheumatoid arthritis indicate that DRBl is the major sus- 
ceptibility locus within the HLA class II region. Proc Natl Acad Sci USA 86: 10049- 
10053 

20 Rich T, Gruneberg U, Trowsdale J (1998) Heat shock proteins, HLA-DR and rheuma- 
toid arthritis. Nat Med 4: 1210-1211 

21 Winchester RJ, Gregersen PK (1988) The molecular basis of susceptibility to rheuma- 
toid arthritis: the conformational equivalence hypothesis. Springer Semin Immuno- 
pathol 10: 119-139 

22 Hammerling GJ, Schonrich G, Ferber I, Arnold B (1993) Peripheral tolerance as a multi- 
step mechanism. Immunol Rev 133: 93-104 

23 Ohashi PS, Oehen S, Buerki K, Pitcher H, Ohashi CT, Odermatt B, Malissen B, Zinker- 



154 




Heat shock proteins for immunotherapy of rheumatoid arthritis 



nagel RM, Hengartner H (1991) Ablation of “tolerance” and induction of diabetes by 
virus infection in viral antigen transgenic mice. Cell 65: 305-317 

24 Oldstone MB, Nerenberg M, Southern P, Price J, Lewicki H (1991) Virus infection trig- 
gers insulin-dependent diabetes mellitus in a transgenic model: role of anti-self (virus) 
immune response. Cell 65: 319-331 

25 Fearon DT, Locksley RM (1996) The instructive role of innate immunity in the acquired 
immune response. Science 271: 50-53 

26 Cohen IR (2000) Discrimination and dialogue in the immune system. Semin Immunol 
12: 215-219; discussion 257-344 

27 Zhang J, Markovic-Plese S, Facet B, Raus J, Weiner HL, Hafler DA (1994) Increased 
frequency of interleukin 2-responsive T cells specific for myelin basic protein and pro- 
teolipid protein in peripheral blood and cerebrospinal fluid of patients with multiple 
sclerosis. J Exp Med 179: 973-984 

28 Cohen IR, Young DB (1991) Autoimmunity, microbial immunity and the immunologi- 
cal homunculus. Immunol Today 12: 105-110 

29 Matzinger P (1994) Tolerance, danger, and the extended family. Annu Rev Immunol 12: 
991-1045 

30 Chen Y, Kuchroo VK, Inobe J, Hafler DA, Weiner HL (1994) Regulatory T cell clones 
induced by oral tolerance: suppression of autoimmune encephalomyelitis. Science 265: 
1237-1240 

31 Whitacre CC, Gienapp IE, Orosz CG, Bitar DM (1991) Oral tolerance in experimental 
autoimmune encephalomyelitis. III. Evidence for clonal anergy. J Immunol 147: 
2155-2163 

32 Chen Y, Inobe J, Marks R, Gonnella P, Kuchroo VK, Weiner HL. (1995) Peripheral dele- 
tion of antigen-reactive T cells in oral tolerance. Nature 376: 177-180 

33 Metzler B, Wraith DC (1993) Inhibition of experimental autoimmune encephalomyelitis 
by inhalation but not oral administration of the encephalitogenic peptide: influence of 
MHC binding affinity. Int Immunol 5: 1159-1165 

34 Hoyne GF, O’Hehir RE, Wraith DC, Thomas WR, Lamb JR (1993) Inhibition of T cell 
and antibody responses to house dust mite allergen by inhalation of the dominant T cell 
epitope in naive and sensitized mice. J Exp Med 178: 1783-1788 

35 Higgins PJ, Weiner HL (1988) Suppression of experimental autoimmune encephalo- 
myelitis by oral administration of myelin basic protein and its fragments. J Immunol 
140: 440-445 

36 Zhang ZJ, Davidson L, Eisenbarth G, Weiner HL (1991) Suppression of diabetes in 
nonobese diabetic mice by oral administration of porcine insulin. Froc Natl Acad Sci 
USA 88: 10252-10256 

37 Thompson HS, Staines NA (1986) Gastric administration of type II collagen delays the 
onset and severity of collagen-induced arthritis in rats. Clin Exp Immunol 64: 581-586 

38 Prakken BJ, Roord S, van Kooten PJ, Wagenaar JP, van Eden W, Albani S, Wauben MH 
(2002) Inhibition of adjuvant-induced arthritis by interleukin- 10-driven regulatory cells 



155 




Gisella L. Puga Yung et al. 



induced via nasal administration of a peptide analog of an arthritis-related heat-shock 
protein 60 T cell epitope. Arthritis Rheum 46: 1937-1946 

39 Cobelens PM, Kavelaars A, van der Zee R, van Eden W, Heijnen CJ (2002) Dynamics 
of mycobacterial HSP65-induced T-cell cytokine expression during oral tolerance induc- 
tion in adjuvant arthritis. Rheumatology (Oxford) 41: 775-779 

40 Agnello D, Scanziani E, Di GM, Leoni E, Modena D, Mascagni P, Introna M, Ghezzi P, 
Villa P (2002) Preventive administration of Mycobacterium tuberculosis 10-kDa heat 
shock protein (hsplO) suppresses adjuvant arthritis in Lewis rats. Int Immunopharma- 
col 2: 463-474 

41 Wendling U, Paul L, van der Zee R, Prakken B, Singh M, van Eden W (2000) A con- 
served mycobacterial heat shock protein (hsp) 70 sequence prevents adjuvant arthritis 
upon nasal administration and induces IL-lO-producing T cells that crossreact with the 
mammalian self-hsp70 homologue. / Immunol 164: 2711-2717 

42 Dubois P (1989) Heat shock proteins and immunity. Res Immunol 140: 653-659 

43 Jones DB, Coulson AE, Duff GW (1993) Sequence homologies between hsp60 and 
autoantigens. Immunol Today 14: 115-118 

44 Albani S, Ravelli A, Massa M, De Benedetti E, Andree G, Roudier J, Martini A, Carson 
DA (1994) Immune responses to the Escherichia coli dnaj heat shock protein in juvenile 
rheumatoid arthritis and their correlation with disease activity. J Pediatr 124: 561-565 

45 Windhagen A, Nicholson LB, Weiner HE, Kuchroo VK, Hafler DA (1996) Role of Thl 
and Th2 cells in neurologic disorders. Chem Immunol 63: 171-186 

46 van Eden W, Thole JE, van der Zee R, Noordzij A, van Embden JD, Hensen EJ, Cohen 
IR (1988) Cloning of the mycobacterial 24 epitope recognized by T lymphocytes in adju- 
vant arthritis. Nature 331: 171-173 

47 van Eden W (1991) Heat-shock proteins as immunogenic bacterial antigens with the 
potential to induce and regulate autoimmune arthritis. Immunol Rev 121: 5-28 

48 Winfield JB (1989) Stress proteins, arthritis, and autoimmunity. Arthritis Rheum 32: 
1497-1504 

49 Shinnick TM, Vodkin MH, Williams JC (1988) The Mycobacterium tuberculosis 
65-kilodalton antigen is a heat shock protein which corresponds to common antigen 
and to the Escherichia coli GroEL protein. Infect Immun 56: 446-451 

50 Holoshitz J, Klajman A, Drucker I, Lapidot Z, Yaretzky A, Erenkel A, van Eden W, 
Cohen IR (1986) T lymphocytes of rheumatoid arthritis patients show augmented reac- 
tivity to a fraction of mycobacteria cross-reactive with cartilage. Eancet 2: 305-309 

51 Kurzik-Dumke U, Schick C, Rzepka R, Melchers I (1999) Overexpression of human 
homologs of the bacterial DnaJ chaperone in the synovial tissue of patients with 
rheumatoid arthritis. Arthritis Rheum 42: 210-220 

52 Gaston JS, Life PE, Bailey EC, Bacon PA (1989) In vitro responses to a 65-kilodalton 
mycobacterial protein by synovial T cells from inflammatory arthritis patients. J 
Immunol 143: 2494-2500 

53 Res PC, Schaar CG, Breedveld PC, van Eden W, van Embden JD, Cohen IR, de Vries RR 



156 




Heat shock proteins for immunotherapy of rheumatoid arthritis 



(1988) Synovial fluid T cell reactivity against 65 kD heat shock protein of mycobacte- 
ria in early chronic arthritis. Lancet 2: 478-480 

54 Gaston JS, Life PF, Jenner PJ, Colston MJ, Bacon PA (1990) Recognition of a mycobac- 
teria-specific epitope in the 65-kDa heat-shock protein by synovial fluidderived T cell 
clones. / Exp Med 171: 831-841 

55 Quayle AJ, Wilson KB, Li SG, Kjeldsen-Kragh J, Oftung F, Shinnick T, Sioud M, Forre 
O, Capra JD, Natvig JB (1992) Peptide recognition, T cell receptor usage and HLA 
restriction elements of human heat-shock protein (hsp) 60 and mycobacterial 65-kDa 
hsp-reactive T cell clones from rheumatoid synovial fluid. Eur J Immunol 22: 1315- 
1322 

56 Hen^vood J, Loveridge J, Bell JI, Gaston JS (1993) Restricted T cell receptor expression 
by human T cell clones specific for mycobacterial 65-kDa heat-shock protein: selective 
in vivo expansion of T cells bearing defined receptors. Eur J Immunol 23: 1256-1265 

57 Baum H, Wilson C, Tiwana H, Ahmadi K, Ebringer A (1995) HLA association with 
autoimmune disease: restricted binding or T-cell selection? Lancet 346: 1042-1043 

58 Baum H, Brusic V, Choudhuri K, Cunningham P, Vergani D, Peakman M (1995) MHC 
molecular mimicry in diabetes. Nat Med 1: 388 

59 Baum H, Davies H, Peakman M (1996) Molecular mimicry in the MHC: hidden clues 
to autoimmunity? Immunol Today 17: 64-70 

60 Stern LJ, Brown JH, Jardetzky TS, Gorga JC, Lfrban RG, Strominger JL, Wiley DC 
(1994) Crystal structure of the human class II MHC protein HLA-DRl complexed with 
an influenza virus peptide. Nature 368: 215-221 

61 Weyand CM, Goronzy JJ (1995) Inherited and noninherited risk factors in rheumatoid 
arthritis. Curr Opin Rheumatol 7: 206—213 

62 Oldstone MB (1987) Molecular mimicry and autoimmune disease. Cell 50: 819-820 

63 Auger I, Escola JM, Gorvel JP, Roudier J (1996) HLA-DR4 and HEA-DRIO motifs that 
carry susceptibility to rheumatoid arthritis bind 70-kD heat shock proteins. Nat Med 2: 
306-310 

64 Roudier C, Auger I, Roudier J (1996) Molecular mimicry reflected through database 
screening: serendipity or survival strategy? Immunol Today 17: 357-358 

65 Auger I, Roudier J (1997) A function for the QKRAA amino acid motif: mediating bind- 
ing of DnaJ to DnaK. Implications for the association of rheumatoid arthritis with HEA- 
DR4. J Clin Invest 99: 1818-1822 

66 Nepom GT, Byers P, Seyfried C, Healey LA, Wilske KR, Stage D, Nepom BS (1989) 
HLA genes associated with rheumatoid arthritis. Identification of susceptibility alleles 
using specific oligonucleotide probes. Arthritis Rheum 32: 15-21 

Cl Albert LJ, Inman RD (1999) Molecular mimicry and autoimmunity. N Engl J Med 341: 
2068-2074 

68 Prakken B, Wauben M, Genini D, Samodal R, Barnett J, Mendevil A, Leoni L, Albani S 
(2000) Artificial antigen-presenting cells as a tool to exploit the immune ‘synapse’. Nat 
Med 6: 1406-1410 



157 




Gisella L. Puga Yung et al. 



69 Bonnin D, Albani S (1998) Mucosal modulation of immune responses to heat shock pro- 
teins in autoimmune arthritis. Biotherapy 10: 213-221 

70 Roord S, Le T, Koffeman E, Cox E, Puga Yung G, Canavese M, Kuis W, Prakken B, 
Albani S (2002) Combination of epitope specific immunotherapy and antiinflammatory 
therapy supressess arthritis by T cell tolerization and provides a tool for ex vivo modu- 
lation in the treatment of autoimmune diseases. ACR/ARHP Annual Scientific Meeting, 
New Orleans, Louisiana, Oct 24-29, Poster presentation 



158 




Immunity to heat shock proteins and atherosclerosis 



Michael Knoflach\ Bruno Mayrl\ Mahavir Singh^ and Georg Wick’’ 

^Institute of Pathophysiology, University of Innsbruck, Medical School, Fritz-Pregl-Str. 3, 
6020 Innsbruck, Austria; ^Lionex Diagnostics and Therapeutics GmbH, Mascheroder Weg 
1B, 38124 Braunschweig, Germany 



Introduction 

As documented elsewhere in this book, heat shock proteins (HSPs) clearly play a 
central role in activation and modulation of unspecific as well as specific immune 
responses. In this chapter, we will describe early atherosclerosis as an autoimmune 
disorder and heat shock protein 60 (HSP60) as the culprit-autoantigen. After a brief 
review of experimental in vitro data and results from animal experiments, we will 
focus on clinical data confirming our pathophysiological concept that early athero- 
sclerosis is the price we pay for protective immunity against microbial HSP60 or 
bona fide autoimmunity to eliminate biochemically-altered autologous HSP60. 



Atherosclerosis 

Cardiovascular diseases (CVD) are the leading cause of death in developed coun- 
tries. Pathologic conditions summarized under this heading include coronary heart 
disease, congestive heart failure, and hypertensive heart and renal diseases. All these 
conditions show a possible direct link to atherosclerosis as a risk factor or underly- 
ing cause. 

Until the early 1990s, most atherosclerosis research focused exclusively on lipid 
metabolism, but for histopathologists, the role of the immune system in early 
atherogenesis was clearly documented by previous microscopic studies. As early as 
1840, the German pathologist von Virchow demonstrated that during atherogene- 
sis, the first cells to infiltrate the innermost layer of the arterial vessel wall - the inti- 
ma - are mononuclear inflammatory cells [1], later shown to be T lymphocytes [2]. 
In 1908, Osier proposed a correlation between inflammation and “arterial diseases” 
[3], and the first experimental proof that infection had a role in atherogenesis was 
provided by Fabricant and colleges in the late 1970s [4]. These authors showed that 
infecting chickens with Mareks’ disease virus (MDV), an avian herpes virus, not 
only induced neurolymphomatosis, but also led to the development of atherosclero- 
sis. The late 1980s brought clinical evidence of significant correlations between 
inflammation and myocardial infarction [5], and numerous studies and reviews 
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since then have explored the connection between inflammation and different mani- 
festations or markers of atherosclerosis [6-8]. 

Atherosclerosis is a chronic, multi-factorial disease wherein the effect of various 
risk factors becomes manifest on appropriate genetic backgrounds. The disease 
begins in early childhood with the appearance of mononuclear cells in the vessel 
wall at certain predilection sites, such as arterial branching points, which are known 
to be subject to major turbulent haemodynamic stress. With progression of the 
lesions, smooth muscle cells migrate from the media into the intima, where they pro- 
liferate and lead to the deposition of extracellular matrix proteins, most notably col- 
lagen fibers. This sequence of events then leads to thickening and hardening of the 
artery (arteriosclerosis). This early stage can be readily demonstrated in vivo with 
high resolution ultrasound. Atherosclerosis is characterized by the additional for- 
mation of foam cells, i.e., macrophages and smooth muscle cells that have taken up 
chemically-modified (e.g., oxidized) low density lipoproteins via non-saturable scav- 
enger receptors. This leads to lipid overload in these cells, and eventual deposition 
of extracellular cholesterol crystals. These cells form the so-called Tatty streaks’ 
comprised primarily of foam cells that progress slowly into more severe, rupture- 
prone, often exulcerated and even calcified lesions, called the atherosclerotic plaque. 
The thickened vessel walls narrow the lumen and, once they rupture, lead to a rapid 
occlusion of the vessel by the formation of thrombi that manifest in a variety of 
ways, depending on the affected vessel. Usually decades pass between the early 
inflammatory infiltration and the eventual myocardial infarction (narrowing of the 
coronary arteries), stroke (narrowing of the brain vessels or the carotid arteries) or 
intermittent claudication (narrowing of the femoral or popliteal arteries). 

In addition to this standard process of atherogenesis, other non-classical forms 
of the disease are observed. These include genetically-determined hypercholesteri- 
naemia, e.g., in patients or knock-out mice lacking the classical low density lipopro- 
tein (LDL) receptor (so-called familial hypercholesterolemia) or arthrosclerosis 
emerging in transplant recipients (transplant atherosclerosis). These atypical forms 
will not be further discussed in the present context. 

In this chapter, we will focus on the role of the HSP60 family, which has been 
identified as a culprit autoantigen in early atherogenesis. Later, other authors have 
provided evidence that different HSPs might also be involved in atherosclerosis - for 
example, HSP40 [9] or HSP70 [10] - but in contrast to the situation with HSP60, 
there has been no evidence that atherosclerosis can be induced by injection of these 
HSPs into experimental animals. 



Experimental evidence 

Inducing a specific immune reaction to HSP60s by immunizing normocholestero- 
lemic rabbits with recombinant mycobacterial HSP65 (mHSP65), results in lesion 
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formation without foam cells [11]. In the absence of a cholesterol-rich diet, the ves- 
sel wall is infiltrated by mononuclear cells - predominantly T-cells - at predilection 
sites for atherosclerosis. These early lesions resolve themselves in the absence of fur- 
ther immunization or other atherosclerosis risk factors. Vaccination combined with 
a high cholesterol uptake in these early lesions show foam cells in addition to the 
mononuclear infiltration, and the lesions are no longer reversible [12]. Notably, T- 
cell lines derived from lesions of non-immunized animals showed a higher reactivi- 
ty to mHSP65 than peripheral blood lymphocytes [2]. 

Wild-type mice are notoriously resistant to induction of atherosclerosis, yet the 
mild lesions that develop in C57BL/6J mice receiving a high cholesterol diet can be 
aggravated by immunization with mHSP65 [13]. 

It is appropriate to mention that oxidized LDLs have also been suggested as a 
potential autoantigen in atherogenesis, but immunisation of Apo or LDL-recep- 
tor-deficient mice with biochemically-altered LDL (malondealdehyde LDL) turned 
out to be protective rather than atherogenic [14, 15]. 

In vitro, different stressors, such as heat, mechanical stress, tumour necrosis fac- 
tor (TNF)-a, or oxygen radicals, induce HSP60 production by endothelial cells 
(EC), together with up-regulation of (among other proteins) intercellular adhesion 
molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1), which are 
important for lymphocyte adhesion in vivo [16]. Interestingly, venous and arterial 
endothelial cells, which are indistinguishable once detached from the vessel, still 
react differently to various stressors, i.e., arterial ECs express HSP60 molecules 
more promptly than venous ECs upon exposure to classical atherosclerosis risk fac- 
tors, notably oxidized LDL, probably due to the pre-stress exerted in the arterial 
system due to the higher arterial blood pressure [16]. 

Although HSP60 is usually localized in mitochondria, it can also be found on the 
surface of EC and macrophages under special stress conditions in vitro [17, 18]. 
Affinity-chromatography-purified human antibodies cross-reactive between myco- 
bacterial HSP65 and human HSP60 are able to lyse stressed, but not unstressed, 
human EC [19] and macrophages [20] in a complement-mediated fashion or by 
antibody-dependent cellular cytotoxicity (ADCC). This observation proves that 
anti-HSP60 antibodies are not only of secondary importance, but can be considered 
to play a possible primary pathogenic role. 

The infiltrating mononuclear cells were further characterized on histologic sec- 
tions of early atherosclerotic lesions. As expected, a considerable percentage of the 
T-cells (CD3-positive) are activated (CD25-positive). Compared with peripheral 
blood, the ratio of a(3 to y5 T-cell-receptor (TCR)-bearing CD3-positive cells in the 
lesion is shifted, as in the local lymphatic system of the gut (mucosa associated lym- 
phoid tissue - MALT), in favour of the y8 T-cells. This fact, together with the 
demonstration of a network of dendritic cells (DC) in the intima of stressed parts of 
the arterial tree, led to the description of the so-called vascular associated lymphoid 
tissue (VALT) (reviewed in [21]). 
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Table 1 - The role of HSPs in atherosclerosis 



Important in vitro data 



Key refs. 



- Expression of HSP60 in endothelial cells under different stress [36, 37] 

conditions on human umbilical venous endothelial cells (HUVEC) 

and rat aortic endothelium 

- Different forms of stress induce up-regulation of HSP60 and adhesion [16] 
molecules In endothelial cells (protein- and RNA-level) 

- Lysis of stressed, but not unstressed, human endothelial cells and [19, 20] 
macrophages by cross- reactive HSP60/65 antibodies 



Important in vivo animal data 



Key refs. 



- Expression of HSP60 in vessel walls of experimental animals models [38, 39] 
for atherosclerosis (rats, mice) 

- Induction of atherosclerosis in' rabbits or mice by immunization with [11, 13] 
mycobacterial heat shock protein 65 (mHSP65) 

- Atherosclerotic changes induced in rabbits by immunization with [12] 
mHSP65, but not by additional cholesterol-rich diet, are reversible 

- T-cells from lesions induced by immunization with HSP65 as well as [2] 
by cholesterol-rich diet show higher reactivity to mHSP65 than 

T-cells from the peripheral blood 

- Tolerance Induced by nasal or oral application of recombinant mHSP65 [40, 41] 
decreases atherosclerotic lesions in LDL-receptor-deficient mice 



Important in vivo human data 



Key refs. 



- Correlation between the occurrence and titers of antibodies against 
HSP60, 65, 70 and cardiovascular disease 

- Soluble HSP60 (sHSP60) and atherosclerosis 

- HSP60-reactive T-cells are present in late atherosclerotic lesions 

- T-cell reactivity against HSP60s correlates with early atherosclerotic 
lesions in young males, but not In the elderly 



[30, 31, 42-56] 
[26] 

[57, 58];^ 

[58a] 



Reviews on inflammation and atherosclerosis 



suggested refs. 



- HSP and atherosclerosis - the autoimmune concept [59-61] 

- Immune mechanisms in atherosclerosis [62] 

- Histomorphology of early atherosclerotic plaques [21 , 34] 

- Inflammation and atherosclerosis [6, 8] 



^Rossmann et al., unpublished data. 
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Figure 1 

HSPs, as important microbial antigens, are recognized by the immune system. 

Due to high sequence homology between microbial (in this example mycobacterial HSP65) 
and human HSP60, cross- reactive antibodies (Ab) and T-cells emerge that can trigger an 
autoimmune reaction. EC, endothelial cell; grey triangles symbolise HSP60s. 



The autoimmune hypothesis of early atherogenesis 

Based on the data summarized above and in Table 1, we formulated a hypothesis 
describing early atherogenesis as an inflammatory autoimmune disease with HSP60 
as the autoantigen, and postulate the following mechanism: Upon microbial infec- 
tion, B- and T-cells, specific for different microbial antigens with HSPs as a major 
component, proliferate. As with all HSPs, the members of the HSP60 family (mam- 
malian HSP60, mycobacterial HSP65 and the Escherichia coli homolog GroEL) 
show high sequence homology. Thus, various bacterial HSP60s show more than 
98% homology on the amino acid and DNA levels [22]. Bacterial and human 
HSP60s still share greater than 55% of the overall amino acid sequence. Due to this 
sequence homology, protective immune reactivity may have to be “paid for” by the 
risk of cross-reactivity with autologous HSP60 (Fig. 1). Another possibility is that 
autologous chemically-altered HSP60 can activate the immune system, thus leading 
to bona fide autoimmunity, as suggested by our group in a different context earlier 
[23]. 
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Figure 2 

In order for an autoimmune disorder to occur, at least two essential genetically encoded 
components must be present simultaneously: A susceptible target organ structure and an 
autoreactive immune system (A) [23]. 

In the special case of atherogenesis, antibodies (Ab) and T-cells, both cross- reactive between 
human HSP60 and bacterial HSP65 (anti-HSP60/65), recognise the HSP60 expressed on 
stressed - but not on unstressed - endothelial target cells (EC) (B). 



In autoimmune diseases, at least two essential genetic prerequisites have to be 
present simultaneously - an autoreactive immune system and a susceptible target 
organ structure [23] (Fig. 2A). In the case of atherosclerosis, the alteration of the 
immune system is induced by cross-reactivity due to repeated bacterial infections or 
bona fide autoimmunity, while the target organ, the endothelium, is altered by dif- 
ferent forms of stress, i.e., classical atherosclerosis risk factors, and induced to 
express HSP60 on the surface [17, 18] (Fig. 2B). Apart from the antibody-dependent 
damage, and thus inherent further stress [19], the adhesion of HSP60 specific lym- 
phocytes is facilitated by the simultaneous expression of adhesion molecules on EC 
[16]. With the migration of the lymphocytes into the vessel wall, the initial inflam- 
matory stage of atherosclerosis has begun. 

The two main factors mentioned above, i.e., altered immune system and target 
organ susceptibility, are influenced by general modulators of the immune system 
such as cytokines, hormones (e.g., glucocorticoids), T-regulator cells etc., or of the 
target organ, i.e., iodine concentration in Flashimoto’s thyroditis [24]. Toll-like 
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Figure 3 

The role of HSP60 in early atherogenesis. 



receptors (TLR), known to bind microbial HSPs and other microbial peptides, play 
a crucial role in innate immune defence and have recently also been shown to bind 
human HSP60 [25]. This, together with the facts that serum levels of soluble HSP60 
correlate with the severity of sonographically-demonstrable atherosclerosis [26], 
and that TLR4-polymorphisms influence atherosclerosis [27], underlie our concept 
of a pathogenetic network for early atherosclerosis, as pictured in Figure 3. 

Immunity to HSP60 in a longitudinal prospective atherosclerosis 
prevention study (Bruneck Study) 

To extend our hypothesis into the human arena, we have participated in the Bru- 
neck Study; a population-based longitudinal epidemiologic study to assess risk fac- 
tors for, and the natural course of, human atherosclerosis. The baseline evaluation 
was performed in 1990, with subsequent re-evaluations in 1995 and 2000. Origi- 
nally, 93.6% of the 1,000 invited 40-79 year-old inhabitants of the city of Bruneck 
(Bolzano Province, Italy) participated, and the follow-ups were 96.5% complete. 
Atherosclerosis was assessed by high resolution ultrasound of the carotid and 
femoral arteries [28, 29]. 

As described above, we postulated a humoral and cellular cross-reaction of the 
immune system between human and bacterial HSP60. Therefore, we first deter- 
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mined antibody titers against mycobacterial HSP65 (anti-mHSP65-Abs) during the 
baseline evaluation in 1990, and found the median antibody titer to be higher in 
people with pre-existing, sonographically demonstrable, atherosclerosis. A signifi- 
cant difference could only be demonstrated for the sixth and seventh decade, prob- 
ably due to the low prevalence of atherosclerotic (echogenic) plaques in the fourth 
(eight of 211 persons with plaques) and fifth (30 of 204 persons with plaques) 
decades. Multivariate logistic regression of carotid atherosclerosis over all age 
groups demonstrated anti-mHSP65-Ab (p < 0.01), blood pressure (p = 0.01), smok- 
ing (p = 0.01), age (p < 0.01) and sex (p < 0.01) as independent risk factors for the 
prevalence of atherosclerosis [30]. The anti-mHSP65 antibodies showed complete 
cross-reactivity with human HSP60. 

Five years later, the individual anti mHSP65-Ab titers remained constant (r = 
0.78; p < 0.0001), yet no correlation was seen with newly acquired atherosclerotic 
lesions in this rather old (50+ years) cohort, but only with the progression of exist- 
ing lesions (p < 0.05). In multivariate analysis, the anti-mHSP65-Ab titer remained 
an independent predictor of progression together with diabetes, smoking, age, fib- 
rinogen, Lp(a) and ApoB [31]. Baseline antibody-titers not only correlated with 
morbidity but also with mortality between 1990 and 1995 (p < 0.001) [31]. 

The data strongly indicated that anti-HSP60/65-antibodies are involved in early 
plaque formation and progression of those early lesions, but are less important in 
late-onset atherosclerosis of the aged. 

Measurements of soluble HSP60 (sHSP60) in the sera of the Bruneck study par- 
ticipants revealed a significant correlation between prevalence (p < 0.05) and pro- 
gression (p < 0.01) of atherosclerotic plaques and vessel wall thickness (p < 0.05). 
Statistical analysis was performed in a multivariate manner, indicating a role of 
sHSP60 independent of classical risk factors [26]. We do not yet have in vivo data 
on immune complex formation between sHSP60 and cross-reactive anti mHSP65- 
Ab, and further studies are required to confirm and further define the role of 
sHSP60 in atherogenesis, i.e., as inducers of bona fide autoimmunity, cross-reactive 
antigen in immune complexes or activation of EC via binding to TLR. 

Next, we approached the possible role of the cellular immune system in athero- 
genesis. During the 2000 evaluation of the Bruneck-Study, we determined T-cell 
reactivity against human, mycobacterial, chlamydial and £. coli HSP60. As 
expected, a high cross-reactivity between all F1SP60 on the cellular level could be 
demonstrated, with the best correlation between T-cell reactivity to human versus 
chlamydial HSP60 and GroEL (£. coli HSP60) versus mycobacterial HSP65. 
However, none of those T-cell reactions proved to be predictors of atherosclerosis. 
Initially, this might seem surprising, but previous studies in other late-stage 
autoimmune diseases have shown that autoreactive T-cells are no longer found in 
the peripheral blood at this stage, but rather accumulate in the target organ [23]. 
As mentioned above, this concept also seems to hold for atherosclerosis, since our 
animal studies showed a higher immune reactivity against mHSP65 in T-cells 



166 




Immunity to heat shock proteins and atherosclerosis 



Table 2 - The role of antibodies and T-cells specific for mycobacterial HSP65 and human 
HSP60 In atherosclerosis of young males and elderly persons 





aged (50+) 


young males (17-18 years) 
[58a] 


Antibo(dies against mycobacterial HSP65 


p < 0.01 [31] 


p = 0.0514 


Antibodies against human HSP60 


p < 0.01 [55] 


no data 


T-cells specific against mycobacterial HSP65 


no correlation 
to atherosclerosis 


p = 0.0566 


T-cells specific against human HSP60 


no correlation 
to atherosclerosis 


p < 0.01 



derived from plaques than those from peripheral blood in non-immunized choles- 
terol fed rabbits [2]. 



HSP60 in the ARMY (Atherosclerosis Risk factors in Male Youth) Study 

Data from studies on humoral and cellular immune reactions against HSP60 indi- 
cate a role for both in early atherogenesis. Therefore, we extended our investigations 
to younger individuals. From the PDAY (Pathobiological Determinants of Athero- 
sclerosis in Youth) and the Bogalusa Studies [32, 33], as well as from our own 
pathohistological investigations, within the framework of the former [34], we know 
that atherosclerosis can be found in children and young adults. Together with the 
Austrian Ministry of Defence, we examined 141 17-18 year-old males (ARMY 
Study) for classical and immunological risk factors for atherosclerosis. Vessel wall 
thickness was also measured at eight different sites using high resolution ultrasound, 
a surrogate marker for early atherosclerosis, as used in the Bruneck or ARIC (Ath- 
erosclerosis Risk in Communities) Studies [35]. Early atherosclerosis was defined as 
sonographically-detectable thickening of the innermost layers of the vessel wall 
(intima-media thickness, IMT) on at least one of the eight vessel sites measured. 

Even in these clinically-healthy young males, peripheral blood T-cell reactivity 
against human HSP60 was an independent predictor of early atherosclerosis (p < 
0.01), together with smoking status, diastolic blood pressure, pulmonary function, 
HDL-cholesterol and alcohol intake. Due to the exploratory nature of this assess- 
ment and the relatively small number of persons enrolled, we added the anti 
mHSP65-antibody titer to the multivariate risk model with a borderline significance 
of p = 0.0514. When T-cell reactivity to mycobacterial HSP65 was included in the 
model instead of the reaction to human HSP60, the chosen set of variables stayed 
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Table 3 - Immune reaction against HSPs in participants in the Bruneck study 



- Antibody-titer against HSP60/65 significantly correlated with: 

- prevalence of atherosclerotic plaques in 1990, but not in 1995 

- progression of pre-existing atherosclerosis from 1990 to 1995 

- mortality between 1990 and 1995 

- Antibody-titer against HSP60/65 highly conserved for most Individuals between 1990 
and 1995 

- Further correlations with atherosclerosis: 

- soluble HSP60 

- No correlation with atherosclerosis: 

- cellular immune reaction against human, mycobacterial, chlamydial or E. coli HSP60 

- antibody-titer against HSP70 



essentially the same. A simultaneous multivariate analysis was prevented by the high 
cellular cross-reactivity between the two HSPs [58a]. Results are summarized in 
Tables 2 and 3. 

In conclusion, it seems that both the humoral and cellular immune reactions 
against HSP60s play an important role in early-onset atherogenesis. By the time car- 
diovascular prevention programmes start, which is generally after the first myocar- 
dial infarction, a vast number of irreversible atherosclerotic plaques have already 
been formed. Thus, prevention requires identification of persons at risk in the early 
- and still reversible - stages of inflammatory vessel wall infiltration (arteriosclero- 
sis) or fatty streak development in order to set more stringent criteria for other risk 
factors, like smoking, blood pressure and lipid levels. In the future, hyposensibilisa- 
tion, as used in the therapy of allergies, against HSP60 or special atherogenic epi- 
topes, might offer a causal preventive therapy for atherosclerosis. 
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Introduction 

The term chaperonin was introduced by John Ellis and colleagues [1] and now refers 
to two distinct subfamilies — the GroE subfamily found in prokaryotes, plastids and 
mitochondria and the TCP-1 subfamily found in eukaryotes and the Archaeae. This 
chapter will focus on the GroE subfamily which consists of two members; chaper- 
onin (Cpn)60 and the co-chaperone - CpnlO. Both proteins form oligomeric struc- 
tures required for protein folding [2] and the mechanism of folding has largely been 
delineated [3]. These proteins show significant sequence homology [4] which is nor- 
mally assumed to underpin functional “homology”. While for some cell biologists 
this information would seem to be the end-of-the-line for the chaperonins, as sub- 
jects of scientific interest, it is emerging from various laboratories around the world 
that the chaperonins have other activities which suggest a very much larger role for 
these proteins in physiological homeostasis. An emerging concept in protein bio- 
chemistry is of the “moonlighting” protein [5]. These are proteins, which have more 
than one function and which may participate in one process, say within the cell, and 
with another process in some other body compartment. A fascinating example of a 
moonlighting protein is the glycolytic enzyme, phosphoglucose isomerase (PGI). 
Indeed, a growing number of glycolytic enzymes “moonlight”. It is now established 
that in addition to participating in glycolysis, PGI is also: 

1 ) an autocrine motility factor, which stimulates cell migration; 

2) a neuroleukin, which is both a nerve growth factor and B-cell maturation factor, 
and; 

3) a differentiation and maturation mediator that induces human myeloid cell dif- 
ferentiation [6]. 

Another example, and perhaps one most closely resembling chaperonin 60, is the 
other glycolytic enzyme, glyceraldehyde 3-phosphate dehydrogenase (GAPD). It is 
now recognised that GAPD proteins from bacteria, in spite of their significant 
sequence homology, can have a wide range of biological actions in addition to their 
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role in glycolysis. This includes being a receptor for epidermal growth factor in 
Mycobacterium tuberculosis [7] and a receptor for plasmin in Streptococci [8]. In 
this article the hypothesis being propounded is that chaperonin 60, and possibly 
also chaperonin 10, are moonlighting proteins with a very extensive range of moon- 
lighting abilities. It is this range of biological activities that the chaperonins can per- 
form that has suggested their resemblance to chameleons. 



Chaperonins unfold their signalling activity 

By the early 1990s enormous advances had been made in our understanding of the 
role of molecular chaperones in normal and aberrant cell functioning and the mech- 
anism of action of the prototypic protein, the chaperonin 60 of £. coli, GroEL, was 
being established [9]. It was at this time that a paper appeared from St George’s 
Hospital Medical School in London announcing the finding that the chaperonin 
60.2 protein of Mycobacterium tuberculosis, better known as HSP65 [10], stimu- 
lated human monocytic cells to produce pro-inflammatory cytokines [11]. This was 
the beginning of a novel area of research that is still, at the time of writing, some- 
what controversial. This initial finding that one of the key immunogens of M. tuber- 
culosis had the capacity to activate myeloid cells was quickly confirmed by Van 
Furth’s group who found that this protein would stimulate human monocyte 
cytokine synthesis without causing other signs of macrophage activation [12], and 
by Retzlaff and co-workers who found activation of murine monocytes by chaper- 
onin 60 [13]. These studies indicated that, in addition to protein folding, the chap- 
eronin 60 proteins of bacteria could also act as cell-to-cell signals. Of course the 
possibility existed that these effects are as a result of contamination of the chaper- 
onin 60 preparations with known cytokine-stimulating agonists such as lipopolysac- 
charide (EPS), lipoarabinomannan (LAM) etc. 



Chaperonins stimulate bone resorption via modulation of myeloid 
celi differentiation 

In a study completely unrelated to that described above, the author of this article 
was searching for the potently osteolytic protein released by the oral bacterium, 
Actinobacillus actinomycetemcomitans. This oral bacterium is the causative agent 
of a very severe form of periodontal disease in which inflammation of the gums is 
associated with destruction (resorption) of the alveolar bone of the jaw. When this 
osteolytic protein was isolated and sequenced it turned out to be the chaperonin 60 
of A. actinomycetemcomitans [14]. Immunogold labelling demonstrated the pres- 
ence of this chaperonin on the surface of the bacterium and on the proteinaceous 
fibrillar material secreted by this bacterium (Henderson, unpublished data). This 
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surface location has subsequently been confirmed and the A. actinomycetemcomi- 
tans chaperonin 60 has been reported to both act as a mitogen for some cells and as 
an apoptotic signal for others [15, 16]. Recombinant E. coli GroEL also potently 
stimulated bone resorption but, surprisingly, neither the chaperonin 60 proteins 
from M. tuberculosis or M. leprae had any significant bone resorbing activity [14]. 
As a control for EPS contamination, calvaria from the EPS-insensitive C3H/HeJ 
mouse were used. This murine strain has a mutation in the gene encoding Toll-like 
receptor (TER) 4 such that this receptor does not recognise activating ligands such 
as EPS [17]. The A. actinomycetemcomitans chaperonin 60 was capable of stimu- 
lating the calvarial bone from this murine strain to resorb. In contrast, and as 
expected, EPS was inactive [14]. This established that EPS contamination in the 
chaperonin 60 preparation was not causing the bone resorption. It also suggested 
that activation of bone is not via TLR4 and suggested some other receptor must be 
involved. An even more intriguing finding was that in spite of the significant 
sequence homology between the Gram-negative chaperonin 60 proteins and the 
mycobacterial chaperonin 60 proteins the latter lacked the osteolytic activity of the 
former. This was the first indication that chaperonin 60 proteins did not represent 
a unitary cell-cell signalling activity and that variation in the activity of this family 
of proteins was possible. 

To understand the mechanism of action of the Gram-negative chaperonin 60 
proteins on bone it is important to understand the cellular basis of bone remodel- 
ling. Bone is a fibre-reinforced matrix containing two major cell lineages. The 
osteoblast is a mesenchymal cell responsible for the formation of the bone matrix 
and for recognising most of the signals controlling bone remodelling. The osteoclast 
is a multinucleate myeloid cell whose function is to remove damaged matrix com- 
ponents. The osteoblast and osteoclast populations of bone interact by cell-cell con- 
tact and in recent years the major controlling network in bone remodelling has been 
elucidated. This involves three TNE receptor-like proteins: 

1) receptor activator of NF-kB (RANK); 

2) RANK ligand (RANKE), and; 

3) osteoprotegerin (OPG) (Fig 1). 

RANK is found on osteoclast precursor cells. RANKE is an inducible protein found 
on mesenchymal cells, principally osteoblasts and also on activated T-cells. OPG is 
also an inducible protein made by mesenchymal cells. In normal bone remodelling, 
the binding of RANKE to RANK stimulates myeloid cell differentiation to induce 
osteoclast formation and promote bone resorption. Induction of OPG results in the 
OPG competing with the RANK for binding to RANKE thus switching off myeloid 
cell differentiation and halting bone resorption [18]. 

Having identified that Gram-negative chaperonin 60 proteins induce bone 
resorption in the murine calvarial bone resorption assay the mechanism of action 
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Figure 1 

The interaction of the mesenchymal osteoblast population with the myeloid osteoclast pop- 
ulation via the TNF receptor-like proteins RANKL, RANK and OPG. 

RANKL is an inducible protein that acts as the ligand for binding to RANK on osteoclast pre- 
cursors. Such activation results in the maturation of the latter cells into osteoclasts. Osteo- 
protegerin (OPG) is another inducible protein that competes with RANK for binding to 
RANKL and is effectively a soluble form of RANK that can inhibit osteoclastogenesis. It 
appears that chaperonins can modulate this system in a number of ways. 



needed to be addressed. Three possibilities existed. The chaperonin 60 proteins 
could either: 

1) activate preformed osteoclasts; 

2) induce the formation of osteoclasts, or; 

3) inhibit the matrix forming activity of the osteoblast cell population. 

Analysis of recombinant GroEL in a variety of bone and bone cell assays revealed 
that this protein was a potent inducer of osteoclast formation and that it could also 
stimulate preformed osteoclasts to promote bone resorption [19]. GroEL appeared 
to be able to activate cells via the RANK receptor to induce osteoclast maturation. 
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However, the mechanism was not established. Other molecular chaperones, includ- 
ing HSP27, HSP70, HSP90, but not HSP47, were also found to be capable of stim- 
ulating resorption of murine calvaria [20]. 

These findings were interesting but potentially confusing. It is well known that 
M. tuberculosis infects bone causing an osteomyelitis associated with significant 
bone resorption [21]. The finding that chaperonin 60 from Gram-negative bacteria 
could promote bone resorption, but that the chaperonin 60 of mycobacterial species 
was inactive, was surprising. An obvious explanation emerged when it was realised 
that in fact M. tuberculosis has two chaperonin 60 genes encoding what are termed 
chaperonin 60.1 [22] and chaperonin 60.2 better known as HSP65. It was the lat- 
ter that had been tested in earlier studies [14]. The key osteolytic component of M. 
tuberculosis was then identified [23]. Surprisingly, it was not chaperonin 60.1 but 
the co-chaperone of chaperonin 60 - chaperonin 10. It was possible to completely 
block the osteolytic activity of sonicates of M. tuberculosis by use of a blocking 
monoclonal antibody to M. tuberculosis chaperonin 10 [23]. This implied that both 
chaperonin 60 proteins of M. tuberculosis were without osteolytic activity. Using 
synthetic M. tuberculosis chaperonin 10 peptides established that the osteolytic 
activity of this bacterial protein resided in a large flexible loop region and in a small 
conserved loop around position 70 of the chaperonin 10 protein [23]. 

Recombinant human chaperonin 60 has also been tested in the murine calvarial 
bone resorption assay and is a reasonably potent inducer of bone resorption. In col- 
laboration with Professor Hill Gaston, University of Cambridge, a number of 
human chaperonin 60 truncation mutants have been tested. Only the N/terminal/C- 
terminal truncation mutant Al-26 A466-573 was inactive while N-terminal 
mutants (e.g., Al-137) were fully active [24]. 

Gram-negative bacterial and mitochondrial chaperonin 60 proteins have the 
ability to induce cellular changes in bone which result in its breakdown. The mito- 
chondria are presumed to have evolved from the Proteobacteria [25], which includes 
Gram-negative bacteria such as £. coli. This evolutionary relationship may explain 
why these apparently diverse proteins have similar biological actions. 

It was still not clear what biological functions the mycobacterial chaperonin 60 
proteins played. To address this in more detail all three M. tuberculosis chaperonins 
were cloned and expressed [23, 26]. These proteins were individually tested to see 
if they had any activity against adjuvant arthritis in the rat [27]. This is a much-stud- 
ied model of rheumatoid arthritis that is used as a test-bed for anti-inflammatory 
compounds. It has been shown in previous studies that M. tuberculosis chaperonin 
60.2 (HSP65) has immunomodulatory effects in this model [28]. Intradermal 
administration of mycobacterial chaperonin 60.1, 60.2 or 10 to rats revealed that 
only chaperonin 10 produced any anti-inflammatory effects. However, it was sur- 
prising to find that while chaperonin 60.1 had absolutely no effect on the joint 
swelling there was an almost complete suppression of the enormous amount of 
osteoclastic bone remodelling that accompanies joint inflammation in adjuvant 
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arthritis [29]. This was a completely unexpected finding. In this respect the M. 
tuberculosis chaperonin 60.1 produces an identical effect to osteoprotegerin [30] or 
to the c-Jun amino-terminal kinase (JNK) inhibitor, SP600125 [31]. JNK is believed 
to be responsible for transducing the signalling between RANKL and RANK. To 
determine if the inhibition of bone resorption was a direct effect on bone, as 
opposed to some modulation of immunity (as activated T-cells can stimulate bone 
resorption [32]), murine calvaria were stimulated to resorb by LPS in the presence 
or absence of recombinant M. tuberculosis chaperonin 60 proteins or OPG. Both 
OPG and M. tuberculosis chaperonin 60.1, but not the 60.2 protein, dose-depen- 
dently inhibited bone resorption (Henderson and Meghji, unpublished data). The 
mechanism of action of the M. tuberculosis chaperonin 60.1 is not defined. It is pos- 
sible that this protein can selectively induce the formation of OPG or it may mimic 
the actions of OPG. Alternatively, it may compete with RANKL for binding to 
RANK. The end result of any of these mechanisms would be the inhibition of osteo- 
clast formation and the cessation of bone remodelling. 

To conclude this section, chaperonin 60 proteins from bacteria can both stimu- 
late and inhibit the complex process of myeloid differentiation that leads to the gen- 
eration of activated osteoclasts capable of driving bone resorption. The simplest 
explanation is that these different chaperonins act either as agonists or antagonists 
of a common receptor. The nature of the receptor remains to be defined. The next 
section describes the findings that chaperonin 60 proteins can stimulate myeloid 
cells and other cell populations to produce cytokines and provides further evidence 
for the hypothesis that in spite of the conservation of sequence chaperonin 60 pro- 
teins can exhibit markedly different actions with myeloid cells. 



Chaperonin 60 proteins can be cytokine-inducing agonists - 
but not always 

The first evidence that chaperonin 60 proteins could have cell signalling properties 
arose from the finding that they could induce myeloid cells to synthesise cytokines 
[11-13]. As this author knows from the referees of both papers and grant applica- 
tions there is still a hard core of individuals out there who do not believe that mol- 
ecular chaperones have direct cell signalling activity. Two good reasons for this 
belief with the chaperonin 60 proteins is the fact that recombinant chaperonin 60 
proteins are contaminated with LPS. In the author’s experience, commercial prepa- 
rations of chaperonin 60 can contain large quantities of LPS which contribute to the 
majority of any cytokine inducing activity recorded. The second problem that work- 
ers with chaperonin 60 proteins have to contend with is the large number of conta- 
minating proteins that co-purify even with recombinant histidine tagged fusion pro- 
teins [33, 34]. The author and his colleagues have recently described methodology 
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for the purification of recombinant 6His-tagged chaperonin 60 proteins which min- 
imises both LPS contamination and extraneous protein contamination [35]. In this 
protocol the LPS is removed, not by passing the recombinant protein over a 
polymyxin B column, as would normally be done, but by washing the recombinant 
protein bound to the nickel column with polymyxin B. Our early experience with 
cleaning up recombinant GroEL on commercially available polymyxin B columns 
(Detoxigel columns: Pierce) was that most of the protein bound avidly to the col- 
umn and was difficult to recover. Washing the column with polymyxin B reduces 
LPS contamination to very low levels and then the polymyxin B can be removed by 
further washing. Once the LPS is removed the chaperonin 60 is eluted and desalted 
and contaminating proteins are removed by applying the chaperonin 60 to a reac- 
tive red column and treating with ATP to prime the chaperonin 60 for the release of 
bound proteins. The final recombinant chaperonin 60 proteins have very low levels 
of LPS contamination and of protein contaminants [35]. 

This clean-up methodology was first applied to recombinant GroEL and the 
removal of both the LPS and extraneous proteins verified [36]. Further checks of 
LPS contamination involved use of polymyxin B which had no effect and the addi- 
tion of monoclonal antibodies to CD 14 which could block the activity of enteric 
LPS. Again, such antibodies did not inhibit the capacity of GroEL to stimulate 
human monocyte cytokine synthesis. An additional control involved treatment of 
the GroEL with trypsin. In spite of complete proteolysis of the GroEL into its 60- 
odd tryptic peptides there was no loss of monocyte-stimulating activity [36]. This 
was a completely unexpected finding and one that was repeated on many, many 
occasions before it was believed. This suggested that the activity of GroEL was not 
due to the whole protein but to one or more of the tryptic peptides from which the 
protein was constituted. Analysis of the tryptic peptides by reverse phase HPLC and 
bioassay identified four active peptides. These peptides were identified by a combi- 
nation of Edman degradation and MALDI-TOF mass spectrometry (Tab. I). When 
these were modelled onto the GroEL crystal structure they were all found on the 
surface of the protein. To confirm the activity of these peptides they were synthe- 
sised and tested for monocyte activating activity. All peptides proved very difficult 
to synthesise. When they were tested for their ability to activate monocytes none 
demonstrated the expected activity. It is not clear why this was the case and this 
work was not followed up. 

A number of groups worldwide have confirmed that chaperonin 60 proteins 
from both bacteria and mitochondria can activate mammalian myeloid cells 
(Tab. 2). There is controversy with respect to the mechanism by which chaperonin 
60 proteins from different sources interact and activate myeloid cells. Work with the 
human chaperonin 60 protein (HSP60) and with the chaperonin 60 of Chlamydia 
trachomatis [37-39] has suggested that these proteins interact with the CD14/TLR4 
receptor. It has also been proposed that HSP60 interacts with TLR2 and TLR4 and 
requires endocytosis for cell activation [39, 40]. 
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Table 1 - 


Identification of the bioactive tryptic peptides of GroEL 




Fraction 

number 


Peptide sequence 


Position of 
peptide in 
groEL 


IL-6 pg/ml 


IL-8 pg/ml 


17 


VEDALHATR 


395-401 


1478±331 


10866 ±926 


24 


AAVEEGVVAGGGALIR 


405-421 


2585 ±15 


9550 ±1835 


28 


GGDGNYGYNAATEEYGNMID 










MGILDPTK 


471-498 


1709 ±551 


10055 ±2920 


30/31 


EGVITVEDGTGLQDELDVVE 










GMQFDR 


171-196 


1491 ±551 


27023 ± 5004 



IL-6 and IL-8 synthesis measured by ELISA. 



However, GroEL activation of human monocytes was not inhibited by mono- 
clonal antibodies to CD 14 that could block the biological activity of enteric EPS 
[36] and this chaperonin would activate the CD 14-negative cell line LR9 (Lewth- 
waite and Henderson, unpublished). When the two highly conserved chaperonin 60 
proteins of M. tuberculosis were compared for their capacity to activate human 
monocyte cytokine synthesis there were a number of surprises [26]. Firstly, they 
demonstrated different potencies, with the chaperonin 60.1 being 10-100 times 
more potent than chaperonin 60.2. Secondly, the biological activity of chaperonin 
60.2 was not blocked by neutralising anti-CD14 antibodies while that of chaperonin 

60.1 was completely inhibited by high concentrations of such antibodies [26]. Both 
chaperonins were capable of inducing human monocytes to synthesise a wide range 
of pro-inflammatory and anti-inflammatory (IL-10) cytokines. However, they did 
not induce the synthesis of interferon (IFN)-y. Analysis of the biological activity of 
synthetic mycobacterial chaperonin 60 peptides, designed as putative T-cell ligands, 
revealed that one chaperonin 60.1 peptide (195-219) was biologically active. Inter- 
estingly, this peptide also induced the synthesis of IFN-y and activity was blocked by 
antibodies to CD14. The same peptide sequences in M. tuberculosis chaperonin 

60.2 and in GroEL were inactive. It is speculated that this is because they contain 
two and three proline residues respectively, compared with no prolines in the pep- 
tide from M. tuberculosis chaperonin 60.1. Prolines significantly interfere with pep- 
tide structures such as a-helices. These findings suggest that there are at least two 
sites in the M. tuberculosis chaperonin 60.1 able to interact with host cells in a 
CD 14-dependent manner and activate cytokine gene transcription. Another surprise 
was the thermal stability of both mycobacterial chaperonin 60 proteins. Boiling 
these proteins had almost no influence on their ability to induce cytokine synthesis. 
It required autoclaving to inhibit activity and even then complete inhibition of activ- 
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ity was not achieved. In contrast, autoclaving had no effect on the bioactivity of E. 
colt LPS [26]. This suggests that the mycobacterial chaperonin 60 proteins could be 
extremely long-lived bacterial signals if released from sites of infection. 

Another bacterium that encodes more than one chaperonin 60 is Rhizobium 
leguminosarum. This is a bacterium normally found in association with leguminous 
plants that have nitrogen-fixing root nodules. It has three chaperonin 60 proteins: 
chaperonin 60.1, 60.2 and 60.3 [41]. Although this organism does not come into 
contact with Homo sapiens it was of intetest to see if the chaperonin 60 proteins of 
this bactetium had the capacity to activate human monocytes. Recombinant puri- 
fied Rh. leguminosarum chaperonin 60.1 and 60.3 proteins, which demonstrate 
> 70% sequence identity, wete investigated. Both proteins exhibited ATP-ase activi- 
ty and were active in folding assays showing that they themselves were properly 
folded and biologically active [42]. When incubated with human periphetal blood 
monocytes the chaperonin 60.3 exhibited cytokine-stimulating activity, which could 
be blocked by LPS-neutralising anti-CD 14 monoclonal antibodies. In contrast, the 
highly homologous chaperonin 60.1 was completely inactive even at very high con- 
centrations [43]. 



Categorisation of chaperonin 60 proteins 

Thus it appears that chaperonin 60 proteins can be divided into a number of cat- 
egories depending on their possession or absence of particular cell-cell signalling 
abilities (Tab. 3). There are those proteins that can induce bone resorption and 
cytokine synthesis and those can not induce bone resorption but can induce 
cytokine synthesis. There are those proteins that induce cytokine synthesis via 
interaction with CD 14 and downstream TLRs and those that do not interact with 
CD14. Finally there is the Rh. leguminosarum chaperonin 60 protein which is 
unable to activate human monocytes to synthesise cytokines. This suggests that 
there is sufficient plasticity in the sequence/structure of chaperonin 60 proteins, in 
spite of sequence conservation, for different bioactivities to be exhibited by these 
molecules. 



What is the receptor for chaperonin 60? 

The paradigm for explaining the activation of a cell by an extracellular ligand is that 
the binding of the ligand to a particulat cell surface receptor results in selective sig- 
nal transduction and the activation of a particular pattern of cellular changes and/or 
gene transcription. Most extracellular ligands bind with high affinity to single cell 
surface receptors. However, there are certain ligands that appear to have a promis- 
cuous affair with the plasma membrane of host cells. The most prominent of these 
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Table 3 - Categorisation of chaperonin 60 proteins 



Chaperonin 


CD14- 

dependent 


CD14- 

independent 


Inactive 


Effect 
on bone 


Human 


+ 


_ 


- 


+ 


GroEL 


- 


+ 


- 


+ 


Chi. Trachomatis 


+ 


- 


- 


? 


Aa* 


- 


+ 


- 


+ 


M. tuberculosis 60.1 


+ 


- 


- 


— 


A/I. tuberculosis 60.2 


- 


+ 


- 


— 


Rh. leguminosarum 60.1 


- 


- 


+ 


? 


Rh. leguminosarum 60.3 


+ 


- 




? 



*Actinobacillus actinomycetemcomitans. 



is LPS which, over the years, has been proposed to bind to a very wide variety of 
receptors. The work on the LPS receptor up until 1997 has been reviewed in [44], 
In the last five years a growing number of receptors for LPS and other pattern-asso- 
ciated molecular patterns (PAMPs), including the Toll-like receptors, have been 
identified. These include the nucleotide-binding site leucine-rich repeat (NBS-LRR) 
family [45], trigger receptor expressed on myeloid cells (TREM) [46], moesin [47] 
and a cell surface complex composed of HSPs70 and 90, the chemokine receptor 4 
(CXCR4), and growth differentiation factor 5 [48]. Mammalian cells are clearly 
replete with receptors able to recognise constituents of bacteria, and in particular 
LPS. Moreover, it is now emerging that LPS, depending on its source, and presum- 
ably reflecting its structure, can act either as an agonist or an antagonist with TLR4 
[49]. 

What receptors bind chaperonin 60? The evidence, such as it is, would suggest 
that the answer to this will be somewhat similar to the story of LPS. The author has 
demonstrated that fluorescein-labelled GroEL binds to around 40% of the CD 14- 
positive monocytes in human blood samples and that overnight culture of such 
monocytes on plastic, a process which promotes macrophage maturation, results in 
the majority of cells binding to GroEL. The obvious interpretation is that CD14 is 
not the receptor for GroEL and that whatever the receptor is it is increased in den- 
sity in macrophages compared with monocytes. Of approximately 30 samples of 
blood from different individuals tested, one was found not to respond to GroEL in 
terms of cytokine synthesis. The cells from this normal individual did not bind to 
fluorescein-labelled GroEL. This could be due to high levels of anti-chaperonin 60 
antibodies or may suggest that the receptor for chaperonin 60 is polymorphic (Khan 
and Henderson, unpublished). Kinetic studies of the binding of human chaperonin 
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60 to murine macrophages revealed a saturable binding site which was competed 
for by human chaperonin 60 but not by HSP90, HSP70 or ai macroglobulin [50]. 
It has been claimed that human HSP70 and human chaperonin 60 share the same 
receptor and can be bound by CD14-/TLR4-negative cells [51]. It is of interest in 
this context that human HSP70 is reported to bind to CD14/TLR4 [52] whereas the 
HSP70 protein of M. tuberculosis binds to CD40 [53]. As has been discussed, vari- 
ous chaperonin 60 proteins have been reported to bind to TLR4 [38, 39] or to TLR2 
and TLR4 [40]. Human chaperonin 60 has also been reported to bind to high-den- 
sity lipoprotein [54], the HIV transmembrane glycoprotein gp41 [55] and the inte- 
grin a 3 Pi [56]. 

It may be that chaperonin 60 proteins behave in a similar manner to LPS mole- 
cules. There is sufficient variation in their structure that they may have evolved to 
bind to different cell surface “receptors”. Perhaps one of the most curious facets of 
chaperonin 60 is the fact that the human protein binds to TLR receptors. This is 
unexpected, as it would identify human chaperonin 60 released from cells as a 
PAMP and could therefore confuse a system designed to recognise invading 
pathogens. This is particularly puzzling as in the next section the possibility that 
chaperonin 60 may be a hormone will be considered. If the release of chaperonin 60 
in mammals is part of a homeostatic mechanism it may be that bacteria have 
evolved to evade such a recognition system by manipulating the non-folding struc- 
ture/sequence of their chaperonin 60 proteins. It is now realised that some bacteria, 
for example Clostridium difficile, have evolved to utilise their chaperonin 60 pro- 
teins as adhesins for binding to human cells [57]. On the other side of the coin. 
Staphylococcus aureus uses surface-exposed human chaperonin 60 in combination 
with integrins to invade host cells [58]. 



Chaperonin 60 as an endocrine hormone 

One of the major dogmas in molecular chaperone biology is that molecular chaper- 
ones are intracellular proteins that cannot be teleased from cells. There is, however, 
mounting evidence (reviewed in [59]) that bacteria and eukaryotic cells can release 
chaperonin 60. The mechanism of release has not been defined but then neither has 
the mechanism of release of a number of key cell-signalling proteins such as inter- 
leukin (IL)-l [59]. In the past few years evidence has begun to accumulate to sug- 
gest that not only is human chaperonin 60 released from cells but that it is released 
in sufficient amounts to be found in the circulation. In a recent, report the author 
and colleagues examined plasma obtained from healthy British civil servants. The 
majority of these individuals had measurable levels of immunoreactive human chap- 
eronin 60 in their blood [60]. This confirms and expands on the literature on chap- 
eronin 60 levels in blood, which has concentrated on serum levels of human chap- 
eronin 60 in normal individuals or those with cardiovascular disease (reviewed in 
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[61]). The source of the circulating chaperonin 60 in normal individuals is not 
known. What was interesting in the British civil service study was the correlation 
between circulating levels of human chaperonin 60 and the psychological profile of 
the individuals [60]. 



Conclusions 

In 1993, chaperonin 60 was a very highly conserved intracellular protein evolved 
to aid the folding and refolding of proteins. In 2003, when this chapter was writ- 
ten, chaperonin 60 and other molecular chaperones are now viewed as moonlight- 
ing proteins with a variety of functions. In the context of Homo sapiens^ chaper- 
onin 60 proteins from a variety of microbial sources can interact with myeloid cells 
and alter their functions. What is particularly striking is that even with the enor- 
mous degree of sequence conservation, chaperonin 60 proteins from different 
sources can have profoundly different effects. In other words chaperonin 60 pro- 
teins can take on many different guises like a chameleon. The most striking illus- 
tration of this is the recent report of the insect neurotoxin produced by the antiion 
or doodlebug. This insect paralyses its prey using a salivary neurotoxin. The neu- 
rotoxin is produced by a symbiotic bacteria resident in the saliva, Enterobacter 
aerogenes. It turns out that the neurotoxin is the chaperonin 60 of this bacterium. 
Moreover, the chaperonin 60 protein of this bacterium is almost identical to 
GroEL. The most fascinating detail of this story is that single residue changes in 
GroEL (e.g., NIOIT) can turn this chaperonin from one which has no insect neu- 
rotoxic activity to one with potent activity [62]. These mutations occur on the out- 
side of the molecule and it is hypothesised that chaperonin 60 is a topologically- 
constrained protein with two distinct surfaces. In the heptameric and tetrade- 
cameric structures the inner surface functions to fold proteins. In contrast, the 
outer surface of the protein may contain the cell-cell signalling motifs enabling this 
protein to transfer information from one cell to another. What is the nature of the 
information transferred by chaperonin 60. An obvious hypothesis is that extracel- 
lular chaperonin 60 transfers information about the existence of stress in a cells’ 
environment. This process has been termed stress broadcasting [59]. It is postulat- 
ed that this signalling may act as part of a continuum between psychological stress, 
physiological stress and cellular stress. The next few years will see rapid advances 
in our understanding of the signalling role of molecular chaperones and their par- 
ticipation in the generation of homeostasis. 
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Introduction 

Molecular chaperons of the heat shock protein (HSP) family are conserved proteins 
that modulate intracellular protein folding. By binding to unfolded or folding inter- 
mediate polypeptides, chaperons prevent misfolding and aggregation, and promote 
folding and translocation [1]. Human and microbial HSP70 consist of an N-termi- 
nal ATPase fragment of 44 kD and a C-terminal peptide-binding fragment of 
28.5 kD. HSP70 is a highly conserved protein among various species and there is 
about 60% homology between human and mycobacterial and 70% between E. coli 
(Dnak) and mycobacterial HSP70. However, it should be noted that a homology 
plot between human and £. coli HSP70 shows differences along the molecule 
between 20 and 80% [2]. This variation must be taken into account when consid- 
ering HSP70 epitopes. Mammalian HSP70 is found in all nucleated cells as a con- 
stitutive protein in the cytosol, but can be induced by a variety of stress stimuli (e.g., 
heat, toxic elements, infection) to give rise to the inducible HSP70. Another type of 
HSP70 (BiP) is found in the endoplasmic reticulum. Microbial HSP70 is found in 
bacteria, fungi, parasites and viruses. The gut associated lymphoid tissue is activat- 
ed not only by LPS which are found exclusively in Gram-negative bacteria, but also 
HSP70 found in both Gram-positive and negative bacteria. Hence, T- and B-cells in 
Peyer’s patches of the gut are activated by HSP70 and LPS of gut bacteria. Some of 
the properties of HSPs are summarised in Table 1, but this review will emphasize 
the novel findings of HSP70. 



Structure of HSP70 

HSP70 comprise an N-terminal domain (amino acid residues 1-384 E. coli DnaK) 
with ATP-ase activity, linked by a short conserved sequence to the C-terminal 
domain (amino acid residues 394-638, E. coli DnaK) which binds substrate. 
Although the overall three-dimensional structure of HSP70 is not known, the struc- 
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Table 1 - Major properties of HSPs 



HSPs exert chaperone functions, by binding unfolded polypeptides to prevent misfolding 
and aggregation. 

They bind peptides with a hydrophobic motif by non-covalent linkage. 

HSP70 and HSP90 deliver exogenous antigen into the MHC Class I pathway, playing an 
important role in cross-priming free or antigen released from apoptotic cells. 

HSPs stimulate production of the CC chemokines, CCL3, CCL4 and CCL5. 

HSPs stimulate production of cytokines, especially TNF-ot, IL-12 and NO. 

HSPs stimulate maturation of DC to a similar extent of that of CD40L. 

They exert robust adjuvant function when linked to antigens and they are effective when 
administered both systemically and by the mucosal route. 

Generation of IL-12 and TNF-cc may induce Th1 polarization of the adjuvant function of 
HSP70. 

Tumour or virus-specific peptides, non-covalently bound to HSP70 or HSP96 exert a protec- 
tive effect against the specific tumour or virus. 



tures of the two domains from various members of the family have been solved sep- 
arately. 

The crystal structures of the ATP-ase domains of bovine HSC70 (heat shock con- 
stitutive protein) and human HSP70 have been determined at resolutions of 2.2 A 
and 1.84 A, respectively [3, 4]. The domain consists of two approximately equal 
sized lobes with a deep cleft between them. ATP binds at the base of the cleft. Two 
crystal forms of the human ATP-ase fragment were obtained that differed by a shift 
(1-2 A) in one of the sub-domains. This shift may be important in ATP-binding and 
ADP-release and indicates some degree of flexibility in this domain. 

The crystal structure of the substrate-binding domain of DnaK from E. coli with 
bound substrate (a 7-residue peptide with the sequence NRLLLTG) has been deter- 
mined at 2 A resolution [5], and consists of a p-sandwich sub-domain followed by 
an a-helical sub-domain. The p-sandwich sub-domain is formed by two stacked 
anti-parallel four stranded P-sheets. The upper sheet, forms the substrate binding 
site with loops Ll,2 and L3,4 (between P-strands 1 and 2 and between P-strands 3 
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Human ATPase Microbial 

N-terminal domain C-terminal domain 




CD40 



Figure 1 

Structure of the N-terminal ATPase domain of HSP70 f5a], the C terminal peptide binding 
domain of DnaK f5] and a molecular model of CD40 f5b]. 



and 4, respectively), forming the sides of a channel that is the primary site of inter- 
action, with substrate. The outer loop, L4,5 stabilises LI, 2 by hydrogen bonds and 
hydrophobic interaction while L5,6 forms hydrogen bonds that stabilise L3,4. The 
a-helical sub-domain comprises five helices with the first and second helices (aA 
and aB) forming hydrophobic side chain contacts with the |3-sandwich. Helix aB 
extends over the entire substrate binding site and may stabilize substrate binding by 
interaction with all four loops that form this site (see below) but does not interact 
directly with substrate. The C-terminal half of helix aB also forms an anti-parallel 
bundle of three helices with aC and aD while helix aE lies across one end of the 
bundle (Fig. 1). 
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Mutagenised forms of DnaK (from E. coli) that lack the entire a-helical sub- 
domain bind peptide with approximately 5-10 fold lower affinity than wild type 
DnaK, confirming the role of this sub-domain in stabilizing bound substrate [6-8]. 
The solution structures have been determined by NMR spectroscopy of the sub- 
strate binding domain of DnaK truncated at approximately halfway along the helix 
aB [9] and of the homologous truncated domain from mammalian HSC70 [10]. In 
both proteins, the p-sandwich domains are similar to that of the DnaK crystal struc- 
ture. The helical sub-domain is however rotated in comparison to the crystal struc- 
ture. The flexible hinge point is at the base of helix aA and it is proposed that bind- 
ing of ATP by the N-terminal ATP-ase domain may induce a similar alteration of the 
helical sub-domain so that it does not overlie the substrate binding site. In this con- 
formation, peptide substrate could be readily exchanged. 



Specificity of substrate binding and HSP70 binding motifs 

The peptide substrate (NRLLLTG) complexed to DnaK, adopts an extended con- 
formation in which main-chain atoms form hydrogen bonds with DnaK while side- 
chain contacts are predominantly hydrophobic [5]. The central residue (Leu 4) is 
buried in a relatively large hydrophobic pocket of DnaK and together with Leu 3 
contributes most of the contacts with the protein. Binding is almost completely 
determined by a five residue core (RLLLT) centred on Leu 4. Specificity of binding 
is determined principally by interaction of the residue at the centre of the core 
sequence with the hydrophobic pocket of DnaK and it was suggested that He, Met, 
Thr, Ser or possibly Phe could be accommodated in addition to Leu. Hydrophobic 
residues are preferred at the positions adjacent to the central residues and while 
there are fewer constraints on residues at the ends of the motif, negative charges are 
generally excluded. The NMR spectroscopic analyses of the truncated DnaK and 
mammalian Hsc70 substrate binding domains (discussed above) also indicated that 
Leu residues occupied the hydrophobic pocket of the substrate binding sites. 

The observations that HSP70 substrates are predominantly hydrophobic corre- 
lates with the chaperone function of HSP70 family members in stabilizing partially 
unfolded polypeptides and are generally in agreement with studies of substrate 
specificity performed with a variety of synthetic peptides and peptide libraries. 
Affinity panning of a phage display library with DnaK originally identified NRL- 
LLTG as a substrate and demonstrated a motif enriched in hydrophobic residues 
that could accommodate terminal basic or polar residues [11]. 

Some differences in substrate specificity between members of the HSP70 family 
have however been described which may reflect differences in function. Thus inves- 
tigation of the substrate specificity of the endoplasmic reticulum-associated chaper- 
one BiP by bulk sequencing of bound synthetic peptides from a random library [12] 
identified a heptapeptide motif that was enriched in aliphatic residues. Similarly, 
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Table 2 - Four major receptors interacting with HSP and stimulating cytokine and chemokine 
production and DC maturation 



Receptor 


HSP 


Function 


Refs. 


CD14 


Human HSP60, HSP70 


Stimulation of TNF-a, 


[16, 17] 






IL-12 and IL-6 




CD91 


Human HSP70, HSP90, 


Stimulation of TNF-a, 


[69] 




gp96 and calreticulin 


IL-12 and IL-1p 




CD40 


Microbial and human 


Stimulation of chemokines, 






HSP70 


TNF-a, IL-12 and DC maturation 


[20, 21, 26] 


TLRs 


Human HSP60, 


Stimulation of TNF-a, IL-12 


[22, 23, 




HSP70 and HSP90 


and DC maturation 


47-49] 



affinity panning of phage libraries, displaying peptides (eight or 12 residues) [13], 
identified a heptapeptide motif in which alternate positions were occupied by large 
hydrophobic or aromatic residues but charged residues, particularly Lys were 
excluded. In contrast, HSC73, a member of the HSP70 family that targets proteins 
to lysosomes for degradation, recognises sequences related to KFERQ [14]. A sys- 
tematic comparison of the substrate specificities of DnaK, BiP and HSC70 con- 
firmed the importance of an anchoring large hydrophobic residue at position four 
of a heptapeptide motif and demonstrated differences in specificity associated with 
positions two and six [15]. 



HSP receptors and co-receptors 

Search for HSP receptors over the last few years has led to the discovery of several 
receptors which are used by HSP (Tab. 2). CD14 [16, 17], CD91 [18, 19], CD40 
[20, 21] and Toll-like receptors [22, 23] interact with HSP. It appears that different 
member of HSP family, although they have no similarities in protein sequences, can 
use the same receptor. On the other hand, the same members of HSP derived from 
different species, despite their highly conserved sequence use different receptors. 
This diversity of receptor usage by HSP may have important biological implications. 
Interactions between HSPs and their receptors may elicit two different but related 
functions; non-specific stimulation of antigen presenting cells to generate the pro- 
duction of chemokines [24] and cytokines [25, 26] and to mediate internalization of 
HSP-peptide complexes by endocytosis and translocation of HSP into the cell [27, 
28]. 

CD 14 is expressed on the cell surface of monocytes and macrophages and to less- 
er extent on other myeloid cells, such as neutrophils. CD14 molecule is a receptor 
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binding LPS and LPS-binding protein [29]. Human HSP60, but not the homologue 
derived from E. colt and mycobacterial HSP65, also uses CD 14 to activate the 
innate immune system [16]. Another report suggested that CD 14 may also be used 
by human HSP70 to stimulate monocytes to produce TNF-a [17]. However, CD 14 
is a glycosylphosphatidylinositol (GPI)-anchored protein lacking a transmembrane 
domain, so it is unlikely that CD 14 can directly lead to cellular activation. Indeed, 
CD 14 is closely associated with TLRs in intracellular signalling [30]. Transfection 
of CD14 into a human cell line (astrocytoma cells, U373) or CHO (Chinese ham- 
ster ovarian cells) also demonstrated that CD 14 is necessary, but not sufficient for 
cellular responsiveness to HSP60 [16]. These findings suggest that CD 14 may be a 
component of a multi-receptor complex for HSP as suggested for LPS [31]. 



LPS contamination of HSP preparations 

HSPs stimulate innate immune cells to produce inflammatory cytokines, including 
TNF-a, IL-lp, IL12, GM-CSF, nitric oxide and chemokines, such as MIP-la, MIP- 
ip, RANTES, MCP-1 and MCP-2. These activities of HSP are similar to those of 
LPS which can contaminate HSP preparations, and it is essential to exclude LPS. 
Currently it is difficult to prepare LPS-free HSP preparations, especially those 
expressed in E. colt. LPS activity is abrogated or greatly reduced by polymixin B 
treatment [17, 20], whereas HSP stimulation is reduced by heat denaturation [17, 
32]. Other reagents, such as RSLP derived from Rhodopseudomonas spheroides 
and lipid IVa also inhibit LPS activity and have no effect on HSP stimulation [17, 
32]. The intracellular calcium chelator BAPTA-AM differentiates between LPS and 
HSP70 functions [17, 20]. The C3F1/Hej and C57BL/10ScCr inbred mouse strains 
are homozygous for a mutant LPS allele (LPS^^^) which confers hyporesponsiveness 
to LPS challenge [33] and provide a model to study immunological functions of 
HSP. Genetic analysis revealed that C3H/HeJ mice have a point mutation within 
the coding region of the TLR4 gene, whereas C57BL/ lOScCr mice exhibit a dele- 
tion of TLR4 [34]. In human studies using microbial HSP70, inhibition with anti- 
bodies to CD40 but not to CD 14 should readily discriminate between HSP and LPS 
[20, 26]. 

Most of the LPS contamination (95-99%) in HSP preparations can be removed 
by using polymixin B immobilized on agarose affinity column. Polymixin B is a 
cationic cyclopeptide which can neutralize the biological activity of LPS by binding 
to its lipid A portion. It is noteworthy that HSP contains a hydrophobic domain 
which can interact with the affinity column and result in protein loss. This may be 
enhanced by HSP binding to the LPS on the column [35, 36]. Our experience with 
this method indicates that 60-70% of proteins can be recovered after one treatment 
with polymixin and there is further protein loss if a second treatment is required. 
The residual LPS concentration in recovered HSP preparation is usually less than 5 
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U per mg protein, as determined by the Limulus amebocyte lysate assay [26]. 
Although the significance of this low level of LPS in HSP preparation depends on 
the function under investigation, such low levels of LPS do not stimulate production 
of cytokines, CC-chemokines by cultured monocytes or maturation of DC [20, 26]. 

CD91 was identified as a receptor for a 2 macroglobulin (a 2 M) which is a pro- 
tease inhibitor that binds to microbial pathogens and mediates phagocytosis by 
monocytes [37]. Several members of the HSP family, including gp96, HSP90, HSP70 
and calreticulin, despite being structurally distinct, interact with CD91 and are 
internalized by the receptor and the HSP-bound peptides. This interaction is critical 
to the induction of CD 8^ cytotoxic T lymphocytes by HSP mediated cross-priming 
mechanisms [18, 19]. HSP binds gp96 directly to CD91, which can be inhibited 
either by antibodies to CD91 or the a 2 M ligand [18]. The CD91 mediated endocy- 
tosis of HSP-peptide complexes can direct the peptide to the proteosome-dependent 
transporter which is associated with the MHC Class 1 pathway. However, it is not 
clear whether CD91 engagement by HSP activates antigen presenting cells to pro- 
duce cytokines, co-stimulatory molecules or maturation of dendritic cells. 

CD40 is a 40-50 kDa glycoprotein and is a member of the tumor necrosis fac- 
tor receptor superfamily. CD40 is primarily expressed on B-cells, monocytes and 
dendritic cells, but can also be found on epithelial cells and CD8+ T-cells [38, 39]. 
The natural ligand for CD40 is CD40 ligand (CD154) expressed on activated T- 
cells. Interaction between CD40 and CD 154 is essential for T-cell-dependent anti- 
gen activation of B-cells, activation of monocytes, maturation of dendritic cells and 
T-cells help for CD8‘^ T-cell cytotoxic function [40]. 

We reported that CD40 is a receptor for microbial HSP70 [20] and this was later 
confirmed and extended to human HSP70 [21]. We have postulated the hypothesis 
that the adjuvanticity of HSP70 and HSP65 is accounted for by stimulating pro- 
duction of the CC-chemokines CCL3, CCL4 and CCL5 which attract the entire 
repertoire of immunological cells [24, 41]. As both major co-stimulatory pathways, 
CD80/86-CD28 and CD40-CD40L, stimulate these CC-chemokines [42-44], we 
explored the possibility that HSPs might interact with those co-stimulatory mole- 
cules [20]. Whereas antibodies to CD80 or CD86 had no effect, those to CD40 
blocked HSP70 stimulation of CC-chemokine production. Further in depth investi- 
gations demonstrated that HSP70 stimulated the production of CC-chemokines 
only if HEK293 cells (human embryonic kidney cell lines) were transfected with 
human CD40, but not with control molecules. Immuno-precipitation studies 
revealed that HSP70 physically associates with cell membrane CD40 when incubat- 
ed with CD40 expressing cells and using surface plasmon resonance showed that 
HSP70 can directly bind to CD40 molecules [20]. HSP70-peptide complexes bind- 
ing CD40 may deliver the peptide into MHC Class 1 and 2 pathways and this 
process is dependent on the ADP-loaded state of HSP70 [21]. Utilization of the co- 
stimulation molecule CD40 as a receptor for HSP70 raises the paradigm that HSP70 
may function at an interface between innate and adaptive immunity. 
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Toll-like receptors (TLRs), also known as pattern-recognition receptors are 
expressed by the innate immune system and recognize specific pathogen-associated 
molecular patterns (PAMPs) expressed on microbial components [45]. So far about 
ten TLRs have been described within the TLR family and each receptor seems to 
recognize different microbial pathogenic elements. TLRs are expressed mainly in the 
cell types that are involved in the first line of defence, such as dendritic cells, mono- 
cytes, neutrophils, epithelial and endothelial cells. Activation of TLRs leads to pro- 
duction of inflammatory cytokines, chemokines, nitric oxide, complement proteins, 
enzymes (such as cyclo-oxygenase-2, COX-2), adhesion molecules and immune 
receptors [46]. These innate immune responses are essential for elimination of 
pathogens and regulation of adaptive immunity. 

TLRs are favourite candidates for HSP, as these are highly conserved among 
microbial organisms and may serve as PAMPs to activate the innate immune system 
by interacting with pattern recognition receptors. However, only human HSP60 and 
HSP70, but not microbial HSP have so far been found to stimulate TLRs [23, 47]. 
Bone marrow-derived macrophages from the mouse strain C3H/HeJ, carrying a 
mutant TLR4 is non-responsive to HSP60 [47]. A recent study suggests that both 
TLR2 and 4 mediate HSP60 activation of Toll/interleukin- 1 receptor signalling 
pathway, to produce TNF-a [23]. Human HSP70 and HSPgp96 are also able to acti- 
vate the TLR 2 and 4/IL-l receptor signal pathways and stimulate production of 
TNF-a similar to HSP60 [48, 49]. 

It is, however, not clear whether TLRs act as receptors for HSP or are involved 
in signalling cellular activation. Some studies suggest that cell surface TLR4 is essen- 
tial for human HSP60 activation of monocytes. Other studies indicate that endocy- 
tosis of HSP60 or HSP70 is a prerequisite for activation of the intracellular TLR2 
and TLR4 signalling pathways and the endocytosis process is independent of TLR2 
and TLR4 [48, 49]. At present it is not clear how HSP60 and HSP70 stimulate 
TLR2 and TLR4. There is no evidence to indicate that there is a direct interaction 
between human HSP and TLRs. The finding that human HSP can activate TLRs 
suggests that these not only serve as receptors for PAMPs derived from pathogenic 
microbes but also recognize endogenous ligands. Endogenous HSP are present pre- 
dominantly in the cell cytoplasm and can be induced and released in pathological 
conditions, such as injury, necrosis and stress. Induction of local inflammatory 
responses by TLRs and endogenous HSP interaction in the milieu around damaged 
tissues is probably helpful for tissue repair and wound healing, but it can also play 
an important part in the chronic inflammatory diseases. 



Signalling pathways 

The findings that CD40 and TLRs are cellular receptors for HSP70 suggests that 
intracellular signalling following engagement of HSP70 with receptor will be medi- 
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ated by CD40 and TLR pathways. Intracellular signalling by these pathways results 
in the activation of transcription factors such as NF-kB, AP-1 and Elk-1 [50-53] as 
shown in Figure 2 which includes an outline of major components of the pathways. 
Binding of ligand to dimeric TLR leads to association of the cytoplasmic domains 
with the cytoplasmic adaptor molecule MyD88 (myeloid differentiation protein 88) 
and serine/threonine kinases of the IRAK (IL-1 receptor associated kinase) family 
with activation of the latter by phosphorylation. Release of activated IRAK from the 
receptor complex allows association with TRAP (tumour necrosis factor receptor- 
associated factors) proteins. TRAFs do not possess intrinsic enzyme activity but acti- 
vate Ser and Thr kinases of the MAP3K (mitogen activated protein kinase kinase 
kinase) group such as TAK (TGF-p-activated kinase). There are six TRAP proteins 
and different outcomes may result depending on which TRAP is involved in sig- 
nalling. As shown in Figure 2, TRAP 6 and TRAP 2 may be common to both CD40 
and TLR signalling. The cytoplasmic domain of CD40 interacts directly with TRAP 
proteins leading to activation without a requirement for further adaptor molecules. 

In subsequent downstream events, NF-kB is activated by dissociating from a 
complex with the inhibitory protein IkB following phosphorylation of the latter and 
the kinases p38 and JNK (both members of the mitogen activated protein kinase, 
MAPK, family) are activated. Recruitment of p38 and JNK to the nucleus is 
required for activation of transcription factors Elk-1 and AP-1. There may be alter- 
native pathways for activation of p38 involving TRAF2 or 3. In addition, CD40 and 
TLR may also signal by the phosphatidyl inositol 3 kinase pathway, involving cal- 
cium mobilisation (not shown in Fig. 2) [54-56]. 

A few studies have investigated intracellular signalling mediated by HSP70. 
Treatment of monocytes with mammalian HSP70 induces phosphorylation of IkB, 
the cytoplasmic inhibitor of the NF-kB [17]. The adaptor protein MyD88 (myeloid 
differentiation protein 88) undergoes relocalisation on stimulation of cells with 
mammalian HSP70 and is required for stimulation of IL-1 2 and TNF [49] and for 
stimulation of NF-kB promoter activity [17]. Stimulation with HSP70 also results in 
phosphorylation of the stress activated kinase p38 [21]. However, the finding that 
the intracellular calcium chelator BAPTA-AM inhibits HSP70 but not LPS stimula- 
tion of chemokine production [20] and HSP70-stimulated but not LPS-stimulated 
phosphorylation of IkB [17] indicates divergence from LPS-mediated signalling. 



Interphase between innate and adaptive immunity 

Both human and microbial HSP70 bind the CD40 receptor, but surprisingly a 
human N terminal domain of HSP70 binds one site, whereas a microbial C termi- 
nal domain binds another site of the CD40 molecule [20, 21, 26]. The B7 
(CD80/CD86) and CD28 co-stimulatory interaction plays a central role in provid- 
ing the second signal necessary for the adaptive immune function between HLA- 
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peptide and TCR [57]. The HLA-bound peptide and co-stimulatory molecule CD40 
on an antigen presenting cell interacts with the corresponding TCR and CD40L on 
T-cells, respectively to elicit an effective immune response (Fig. 3). It is of interest to 
note that ligation of CD40 by CD40L (or HSP70) and that of CD80/86 by CD28 
elicits a number of CC chemokines [42-44] which suggest a non-cognate immune 
response responsible for attracting the immunological repertoire of cells (mono- 
cytes, immature DC, T- and B-cells). The interaction between CD40 and CD40L 
also elicits production of some cytokines (such as IL-12 and TNF-a) and may induce 
Thl polarization of the immune response. Thus, the innate immune chemokines and 
cytokines that are produced as a result of the interaction between FISP70 and CD40 
may drive the specific immune responses to a HSP70-bound antigen. HSP70 func- 
tions as a multi-purpose molecule in acting as a carrier of antigens, which attracts 
the immune cells to the HSP70-antigen site and elicits maturation of DC. There is 
also the possibility that the HSP70-bound antigen is processed by an APC and chap- 
eroned by HSP70 to bind HLA for presentation to T-cells [58]. In addition to the 
two signals necessary for an immune response to be elicited, a third signal may be 
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Figure 4 

Effects of HSP70 (O)^ HSP70^_^^g (U) and HSP70g^^_g^Q (•) on production of RANTES and 
AAIP-1 a by THP1 cells [26]. 



required [59] and this might be provided by interaction between HSP70 and the 
CD40 receptor. 



Stimulation of chemokines 

There is evidence that CC chemokines are generated by a variety of lymphoid, 
endothelial and epithelial cells [60, 61]. Microbial HSP70 and HSP65 stimulate 
monocytes and DC to generate CC chemokines in vitro (Fig. 4) [20, 24]. This innate 
response is greatly enhanced if mononuclear cells are used from HSP70 immunized 
animals. Indeed, stimulation of production of CC chemokines with HSP70 or 
HSP65 has been demonstrated in mononuclear cells of macaques immunized either 
by the systemic or mucosal route [41]. Furthermore, both TCRaP and yd T-cells pro- 
duce CCL3, CCL4 and CCL5 (MIP-la, MIP-lp and RANTES), when stimulated by 
microbial HSP70 [24, 41, 62]. Any increase in production of these CC chemokines 
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has been demonstrated on repeated administration of HSP70 in macaques [62], sug- 
gesting a memory-type of response, that is dependent on sensitised T-cells. Whilst 
DC are the most potent producers of CC chemokines [63], monocytes, CD4 and 
CDS cells are all capable of generating chemokines [64]. 



Stimulation of cytokines 

Stimulation of the human or murine monocyte-macrophage series of cells with 
mycobacterial HSP65 induces production of IL-1(3 and TNF-a [65-67]. Bacterial 
HSPs from £. coli, GroEL (60 kD) and DnaK (70 kD) stimulated human monocytes 
(and endothelial cells) to produce IL-6, TNF-a and GMCSF [68]. Mammalian 
HSP90, gp96 and HSP70 stimulate mouse peritoneal macrophages to produce small 
amounts of IL-lp, TNF-a and IL-12 [69]. Similarly, human HSP60 stimulates 
human or mouse macrophages to produce TNF-a and gene expression of IL-12 and 
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IL-13 [70]. An investigation of mycobacterial HSP70 revealed that whilst the wild 
type of HSP70 stimulates minimal generation of IL-12, TNF-a or NO (nitric oxide) 
from human monocytes, the C-terminal portion of HSP70 (p359-610) stimulates 
about ten-fold higher concentration of IL-12 or TNF-a (Fig. 5) [26]. Similar results 
were obtained by stimulating immature DC with the C-terminal portion of HSP70 
[26]. As we have evidence that HSP70 may undergo lysosomal digestion which 
breaks up the molecule to a functional C-terminal fragment, we suggest that this 
portion of HSP70 may be responsible for Thl-like polarizing effect of HSP70. In 
addition, the pro-inflammatory cytokines play an important role in innate immuni- 
ty and inflammatory reactions. 



Maturation of DC 

DC are professional antigen presenting cells and display an extraordinary capacity 
to stimulate naive T-cells and initiate primary immune responses [71]. Recent stud- 
ies suggest that DC can also play a critical role in the induction of peripheral 
immunological tolerance, although the mechanisms of this function remain largely 
unknown [72, 73]. DC are also an important component of the innate immune sys- 
tem and represent the first line of defence against microbial pathogens [74]. These 
diverse functions depend on different DC populations, lineages and differentiation 
stages of DC [75]. Immature DC are continuously produced from haematopoietic 
stem cells within the bone marrow. Two cytokines FLT-3 and GM-CSF are key 
growth factors for DC differentiation in vivo from the hematopoietic stem cells. 
Immature DC resides in epithelia and can terminally differentiate into mature DC 
by various stimuli, such as microbial pathogens, inflammatory cytokines, or other 
danger signals. Maturation of DC appears to be a critical process for DC function, 
particularly for priming naive T-cells [71]. 

DC can be generated in vitro by culturing PBMC-derived monocytes for 5-7 
days in GM-CSF and IL-4 conditioned medium [76]. Under these culture conditions, 
DC express immature phenotypic markers: low levels of CD80, CD86 and MHC 
Class 2, but little or no CD83 and CCR7 maturation markers. Human HSP60, 
HSP70, HSP gp90 and HSP90 released from necrotic cells, or tumour cells or 
recombinant human HSP70 stimulate DC maturation by up-regulation of co-stim- 
ulatory molecules and produce IL-12 and TNF-a [69, 77, 78]. 

Microbial HSP70 applied to immature DC cultures for two days, induces dra- 
matic changes in the cell-surface expression of DC maturation markers, similar to 
those elicited by the CD40 ligand. There is an increase in MHC Class 2 molecules, 
the co-stimulatory molecules CD80, CD86, as well as CD83 and CCR7 (Fig. 6) 
[26]. The Thl -polarizing cytokines IL-12 and TNF-a are also produced [26], but 
the C-terminal portion of microbial HSP70 (aa359-610) is much more potent than 
the full length of HSP70 in stimulating these cytokines and in DC maturation. In 
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contrast, the N-terminal ATP-ase domain of microbial HSP70 fails to stimulate 
expression of any of these DC phenotypes or production of cytokines (Fig. 6). This 
remarkable finding indicates that the C-, but not N-terminal fragment of HSP70 
stimulates the innate activity and this is consistent w^ith the peptide binding function 
of the C-terminal domain that delivers peptides into the MHC Class 1 pathvv^ay and 
induces CD 8^ cytotoxic T lymphocytes. 

The mechanism that underlines the process of maturation from immature DC is 
not fully understood. Signalling through CD40 by engagement of the trimerized 
CD40 ligand is one of the best defined pathways driving DC maturation [51]. Other 
receptors, such as TLRs and TNF-a receptors may also be involved in the process 
of DC maturation. TLR2 and TLR4 can interact with human F1SP60, HSP70 and 
HSPgp96 and therefore may mediate HSP stimulated DC maturation [23, 48, 49]. 
By the same token, CD40 may be involved in microbial and human HSP70 stimu- 
lation of DC maturation [20, 21]. It is not clear whether CD91 can mediate DC 
maturation stimulated by HSP70, HSP90, HSP gp96 and calreticulin. However, 
CD91 mediated endocytosis of HSP may play a role in the endocytosis-dependent 
pathway of HSP activation of TLRs [18]. 



Adjuvanticity 

Microbial HSP70 and HSP65 have been used as carrier molecules or adjuvants to 
enhance systemic immune responses when covalently linked to synthetic peptides 
[79-81]. Indeed, these and HSP96 can be fused, covalently linked or loaded with 
peptides to elicit specific immunity to tumours or viruses [82-85]. The adjuvantici- 
ty of microbial HSP70 and HSP65 have been demonstrated not only on systemic 
immunization but also by atraumatic mucosal administration to non-human pri- 
mates [24]. Both systemic and mucosal adjuvanticity is dependent on stimulating the 
production of 3 CC chemokines - CCL3, 4 and 5 (or RANTES, MIP-la and MIP- 
Ip). CCL5 is a potent chemo-attractant of monocytes, CD4 cells and activated CD8 
cells [86-89]. CCL3 and CCL4 attract CD4'^ T- and B-cells [90] and the three 
chemokines attract immature DC [91]. Monocytes and DC take up antigen which 
is processed and presented on the cell surface. DC undergo maturation and with 
monocytes migrate to the regional lymph nodes, and present the processed antigen 
to T- and B-cells which elicit cellular and antibody responses. 

The presence of HSP in most microorganisms [92, 93] and their function of gen- 
erating CC chemokines, raises the hypothesis that the well-recognized immuno- 
genicity of whole organisms, as compared with a subunit antigen, might be mediat- 
ed by the CC chemokines generated by HSP [24]. This is consistent with the princi- 
ple that the innate immune system may drive adaptive immunity [94, 95]. HSP in 
micro-organisms may function as a natural adjuvant generating CC chemokines, 
somewhat akin to microbial agents stimulating the complement pathway to gener- 
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ate C3d which has potent adjuvant activity [96]. This concept is also consistent with 
the “danger hypothesis” of infection [97], with the HSP alerting the innate system 
to secrete CC chemokines and to mobilize the immune repertoire of cells and gen- 
erate specific immune responses against the invading organism. 

Recent investigations have demonstrated that the chemokine stimulating func- 
tion of HSP70 is dependent on interaction with the CD40 molecule expressed on the 
cell-surface of monocytes and DC [20, 21]. Whilst the wild type of HSP70 stimu- 
lates production of small amounts of IL-12, TNF-a and NO, this is greatly 
enhanced with the C-terminal fragment of p336-610) [26]. Because IL-12 is one of 
the most potent cytokines inducing Type 1 polarization [98], these findings may 
have important implications in using HSP70359_6 iq fragment as a Thl -polarizing 
adjuvant. Indeed, HSP70359_6io-linked peptide elicited higher serum IgG2a and 
IgG3 sub-classes of antibodies than the wild type HSP70-bound peptide, consistent 
with a Thl -polarizing response [26]. Furthermore, the Th2 type of cytokine (IL-4) 
was not produced in immunized macaques. Thus, HSP70359_5 iq might be used as a 
microbial adjuvant that attracts the entire immunological repertoire of cells by 
virtue of stimulating the production of CC chemokines and eliciting a Thl response 
by generating IL-12. 
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Kidney transplantation 

Clinical development 

Kidney transplantation is the standard treatment for end-stage renal failure and 
improves cjuality of life. The first animal kidney transplantation was done by 
Emerich Ullmann in 1902 in Vienna and in the USA in 1905 by Alexis Carrel. The 
problem of graft rejection was recognized later and in 1923 the differences between 
autografts and homografts were defined. The first transplantation, so far without 
function, was reported in 1936 by the Russian Voronoy [1, 2]. In 1951, David 
Hume in Boston transplanted a series of cadavar kidney allografts in the thigh of the 
patients of whom one functioned for almost half a year, whereas all others were 
rejected within the first weeks. This was done without specific drug support, 
because immunosuppressive therapy in transplantation was not developed that 
time. Then in 1954 the first successful kidney transplantation between identical 
teens was performed, which was done then in several cases. Despite this success the 
problem of allograft rejection remained due to the lack of immunosuppression. 
Total body irradiation was the only immunosuppression possible at this time. The 
introduction of irradiation of the graft failed because of unacceptable complications 
[ 1 , 2 ]. 

Immunosuppressive therapy 

In the early 1960s, azathioprine, a less toxic derivate of the anti-cancer agent 6-mer- 
captopurine, was introduced. In combination with steroids, this standard immuno- 
suppressive therapy enabled a breakthrough of kidney transplantation. The intro- 
duction of Cyclosporine A, a fungal metabolite and calcineurin inhibitor, in the early 
1980s led to the next breakthrough in kidney transplantation. For a powerful induc- 
tion therapy anti-lymphocyte globulin or a pan-T lymphocyte monoclonal antibody 
(OKT 3) reacting with the CD3 complex are available for combination therapy. 
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New immunosuppressive drugs have been developed to improve rejection therapy. 
FK506 (tacrolimus) is a macrolide antibiotic and inhibits T-cell activation and 
cytokine transcription [3], Netv drugs like mycophenolate mofetil and rapamycin 
are about to come to market. Rapamycin (sirolimus) is another macrolide antibi- 
otics derived from Streptomyces hygroscopicus and mycophenolate mofetil is a 
potent inhibitor of inosine monophosphatase dehydrogenase, which in turn down- 
regulates adhesion molecules and inhibits lymphocyte proliferation. To achieve a 
more specific immunosuppression, monoclonal antibodies for instance against 
CD25 (the interleukin (IL)-2 receptor), LFA-1, CD4, CD28 (inhihition of binding 
with the B7 molecule) or adhesion molecules are developed. Clinical trials are ongo- 
ing and early results suggest the introduction of new potent immunosuppressive 
agents in routine use. 

Complications related to immunosuppressive therapy are a higher susceptibility 
to opportunistic infections (fungal or viral) and an increased risk for developing 
lymphomas, squamous cell carcinomas or Kaposi sarcoma. They may also con- 
tribute to allograft fibrosis by induction of pro-fibrotic gene expression [3, 4]. 



Graft survival or failure 



Although the one year survival rates increased in the last years due to a decrease in 
acute allograft rejection, chronic allograft failure still remains as a main problem 
limiting long-term survival [5-7]. The mechanisms underlying long-term allograft 
failure are still not fully understood. The one year allograft survival increased to 
over 80% for cadaveric and about 95% for living related donors due the introduc- 
tion of potent immunosuppressants, such as cyclosporin and tacrolimus, and the 
consequent treatment of rejection episodes. Fiowever, at this time no effect on the 
long-term survival can be seen, because chronic allograft failure did not decrease 
with an unchanged half-life of renal allografts. The prevention or immediate treat- 
ment of early acute rejection episodes is one of the most important factors for long- 
term survival [8-12]. Patients with more than one rejection episode have a signifi- 
cant decreased graft survival. Other risk factors for failure are the histological grade 
(vascular rejection is more deleterious), glomerulo-nephritis of the graft, repeated 
rejection episodes and a delay of the first rejection. Patients with an early rejection 
episode have a better prognosis than patients with a later onset [13-17]. The suc- 
cessful treatment of the first rejection is the best indicator for a favourable survival 
prognosis, patients resistent to steroids have a worser outcome. Other factors like 
plasma creatinine, donor age, reperfusion time, non-compliance, blood pressure, 
high cholesterine or metabolic disorders are of prognostic importance, too [18]. 

The cause of renal allograft failure is still not fully understood, although both 
immunological and non-immunological factors play a role. Deterioration of renal 
function by chronic graft nephropathy results in an increased serum creatinine level. 
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proteinuria and increased diastolic blood pressure. Unfortunately, these clinical 
findings are not specific to transplant failure, because they might be found in non- 
failed kidneys too. Chronic graft nephropathy is characterized by interstitial fibro- 
sis, intimal hyperplasia, glomerulosclerosis, tubular atrophy and cellular infiltration 
[4]. The mononuclear cellular infiltrate consists mainly of T-lymphocytes and 
macrophages. The end-stage consists of an accumulation of extracellular proteins 
leading to fibrosis and organ failure [4, 19, 20]. 



Graft rejection and histocompatibility 

Graft rejection depends on the recognition of the grafted tissue as foreign by the 
host. The antigens responsible for this recognition are the (major) histocompatibil- 
ity complex antigens (MHC or human leukocyte antigen HLA). The effect of trans- 
plantation is determined by the degree of matching of the MHC complex and of the 
blood group. A degree of incompatibility will always be present, except for identi- 
cal twins. This mismatch will lead to recognition of the allograft as foreign and 
result in a reaction of the immune system of the host against the graft (rejection). A 
matching for MHC Class I antigens has a modest effect on graft acceptance. Addi- 
tional matching for MHC Class II has a pronounced effect, because CD4 T lym- 
phocytes are activated by Class II. CD4 T-cells play a central role in the induction 
of cellular and humoral immunity [17]. As a mismatch is always the case, immuno- 
suppressive therapy is necessary to prevent graft rejection and prolong graft sur- 
vival. An additional response is mediated by the minor histocompatibility complex 
antigens, which are non-self peptides derived from polymorphic cellular proteins 
bound to graft MHC I molecules, responsible for structural integrity and expression 
on the cell surface of MHC I molecules [21]. 



Immunology of graft rejection 

Graft rejection is a complex immunological process of cellular and humoral contri- 
bution. T lymphocyte mediated reactions are based on two mechanisms [19]; a 
direct recognition of allogeneic MHC molecules on antigen presenting cells of the 
graft. Dendritic cells seem to play a crucial role in this way. CD4 T lymphocytes of 
the recipient (helper cells) are activated by MHC Class II molecules of the donor. In 
turn they proliferate, secret cytokines and play a central role. At the same time, pre- 
cursor CDS T lymphocytes (killer cells) are activated by MHC Class I molecules of 
the donor. They proliferate and differentiate to mature killer cells. In the second 
(indirect) way of lymphocyte activation, antigens from the donor are presented by 
the recipient’s own antigen-presenting cells in the same way as physiologic process- 
ing and presentation of foreign antigens [20, 21]. 
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Classification of graft rejection 

On the basis of the morphology, rejection episodes are classified as hyperacute, 
acute and chronic rejections. 

Hyperacute rejection occurs within minutes and end in a destruction of the 
endothelial by antibodies with thrombosis in the glomeruli capillaries, fibrin deposit 
in arteries and allograft necrosis following infarction. Immunoglobulin and com- 
plement are found together with neutrophils. 

Acute rejection is a process-mediated cellular and humoral and occurs within 
days after transplantation or months or years later. It is accompanied with elevated 
serum creatinine and clinical signs of renal failure. The kidney is infiltrated with 
activated (CD25 positive) CD 4 and 8 T lymphocytes. Infiltration of capillaries with 
CD 8 and antibody mediated endothelial cell destruction (endothelitis) results in 
oedema and necrosis. 

Chronic rejection is characterized by vascular changes, interstitial fibrosis and 
loss of renal parenchyma. Vessels consist of an end-stage artheritis with intimal 
fibrosis mainly in the arteries. The interstitium is infiltrated with mononuclear cells 
containing plasma cells and eosinophils. Patients with chronic rejection present after 
four to six months with a progressive rise in serum creatinine [22-24]. 



Injury to the transplanted kidney 

Injury to the allograft kidney is unavailable during transplantation by the temporary 
discontinuation of renal blood supply, occurring during organ retrieval and storage. 
This includes warm and cold ischaemia, ischaemia reperfusion injury, nephrotoxic 
drugs and clinical changes mentioned above. The kidney might respond to this 
injury phase by a temporary repair mechanism with an influx of mononuclear cells 
and fibroblasts. On the other hand the allograft responds to the injury by expres- 
sion of genes that are necessary for organ and cell survival. Among them the heat 
shock proteins are remarkably important [4, 25-27]. 



Heat shock proteins and kidney allografts 

Heat shock proteins and immunity 

Heat shock proteins are physiologically essential; highly conserved proteins execut- 
ing a variety of vital intracellular chaperoning functions including protein process- 
ing. In case of harmful events they are up-regulated to protect cells from death by 
protecting DNA and proteins from degradation. This phenomenon was seen first in 
Drosophila after elevation of temperature [28]. The mechanism of increased syn- 
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thesis of HSPs is uniform and independent from the stimuli. The HSPs consist of 
constitutive and inducible forms, and they are sub-divided into families according 
to their molecular weight. For instance, HSP60 is a mitochondrial HSP, HSP73 is 
the cytoplasmic/nuclear constitutive member of the 70-kDa family and FISP72 the 
stress-inducible nuclear HSP70 member [29]. Beside these functions, HSPs have 
been shown to be strongly involved in immunologically mediated reactions; they can 
act as antigens and stimulate immune competent cells. In autoimmunity they can 
stimulate the immune system via “molecular mimicry”. In murine models HSPs elic- 
it cancer immunity and additionally, T lymphocytes specific for HSPs with cytotox- 
ic potential were described and isolated from human osteosarcomas [30-33]. Mice 
develop T-cell lymphomas when they express the human HSP70 gene, whereas 
transfection of tumours with HSP65 in vivo resulted in the rejection of the tumour 
by development of an immune response, and tumour cells transfected with HSPs in 
vitro lost in tumourgenicity as compared to un-transfected cells [34, 35]. Over- 
expression of HSP70 and HSP27 by gene transfection results in protection of many 
apoptotic stimuli as heat shock, anticancer drugs, radiation or tumour necrosis fac- 
tors [33]. In sarcoma cell lines, HSP72 has been shown to be selectively expressed 
on their cell surface thereby overcoming protection and acting as the target for nat- 
ural killer cells. HSPs are frequently over-expressed in different human cancers and 
correlation of expression with prognosis and resistance or response to chemothera- 
py is not uniform in all tumours. It has been reported that HSP27 over-expression 
in human osteosarcomas is related to poor prognosis [36]. The author’s group has 
shown that HSP72 is de novo expressed in human osteosarcoma. This HSP72 de 
novo expression correlates with a good response to neo-adjuvant chemotherapy. 
Expression of HSPs in kidneys has been investigated in normals and in several dis- 
eases including allografts with correlation to severity of injury. It has been shown 
that HSP expression is modulated in vitro by hypoxia, cytokines, glucocorticoids 
and cyclosporin [36-39]. 



Expression of HSPs in normal kidney 

Studies on the expression of HSPs in the normal kidney are so far scanty and focus 
on the rat and human kidney. Mainly the expression of the HSP70 family has been 
investigated by different methods. The expression of HSP73 was demonstrable in 
the human kidney in all compartments, i.e., also including the smooth muscle layer 
and the endothelium of blood vessels in the human normal kidney [40]. This is in 
accordance with studies in the rat [41], whereas HSP72 was reported negative for 
glomerular staining in one investigation [42], in another study HSP72/73 was 
demonstrated in the normal human kidney predominantly in distal tubules and col- 
lecting ducts similar to other findings [43]. Different methodologies used, like 
Northern blotting. Western blotting and immunohistochemistry might explain such 
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differences. For immunohistochemistry, antigen retrieval may be relevant. HSP60, 
HSP72 and HSP73 are constitutively expressed in normal kidney tissue in a distinct 
compartmental pattern and cellular distribution. HSP60 was predominantly present 
in the distal convoluted tubules, the loop of Henle, and in collecting ducts, and was 
weakly expressed in the epithelial lining of proximal tubules and in epithelial cells 
of the glomeruli. Observations in human kidneys are scanty and somewhat contro- 
versial. Thus, in the latter study FISP60 could be detected in normal kidneys by 
immunohistochemistry as well as by Western blot. This is somewhat in contrast to 
findings of another group [44], which, however, based on m-RNA detection by 
Northern blot. Another group identified HSP60 as a membrane fraction of the 
mammalian kidney, but did not specify further localisation [45]. For HSP47, a col- 
lagen specific stress protein, a lack of expression in normal human control and one 
hour post- transplantation kidneys was observed [46]. In a rat model, the constitu- 
tive expression of HSPs 32 and 90, but not 72 is investigated by Western blot analy- 
sis without further immunohistochemical specification [47]. HSP90 has been 
localised to the cytoplasm of distal tubular and glomerular cells in the rat, reports 
about localization in human kidney are lacking. 



Expression of HSPs in the transplanted kidney 

Studies of T lymphocyte reactivity isolated from human and rat heart biopsies gave 
the first evidence for an involvement of HSP in transplant immunology because T 
lymphocytes were reactive with HSP65 and 70. Based on these studies, investigation 
of HSPs in the transplanted kidney were stimulated. An increased expression of 
HSP60 and HDJ-2 m-RNA was observed in acute or chronic rejected kidneys, but 
not in post-translational kidneys without rejection (Fig. 1; [44]). The immunohisto- 
chemical expression of HSP47 in myofibroblasts and tubular epithelial cells corre- 
lates with the degree of interstitial renal allograft fibrosis [46]. One third of reject- 
ed allografts were positive for HSP72 (Fig. 2) in a study performed on nine rejec- 
tions [42]. In contrast, five of eight chronic rejected kidneys were positive for HSP72 
in the glomerular and tubular compartment, whereas the vascular was negative in 
all cases [40]. Remarkable is the de novo expression of HSP60 in the vascular com- 
partment during rejection (Fig. 3), which might indicate an additional mechanism 
of the involvement of HSP60 in the vascular compartment [40]. 

To date, the role of increased HSP expression and the somehow controversial 
data on HSP expression during rejection episodes are not completely clear. 

HSP expression can be increased during transplantation by reperfusion, 
ischaemia and even by surgery. HSPs are assumed to protect cell from damage in this 
stage and to increase transplant survival. If this up-regulation is prolonged by per- 
sisting stimuli, this protecting effect might change later on. As precursor T lympho- 
cytes specific for HSPs can be isolated from normal individuals, the ongoing 
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Figure 1 

Expression of HSP60 in the renal cortex of normal human kidney predominantly in distal 
tubules (x200). 



increased expression of HSPs might lead to a release of HSPs from dying cells. As 
HSP72 seems to be exclusively expressed in tubules and glomeruli without any 
expression in the vascular compartment [40], this distinct distribution might indi- 
cate that HSP72 is immunologically more relevant as an antigen released by tubu- 
lar cell damage and thus pathogenetically linked with the tubulo-interstitial type of 
acute rejection. HSP72 and the other released HSPs are in turn internalized and 
processed by mononuclear antigen presenting cells already present in the graft. This 
leads to a specific presentation of HSPs ula MHC-molecules to specific T lympho- 
cytes and not to a polyclonal activation. The thus activated T lymphocytes recog- 
nize the still over-expressed HSPs in the transplanted kidney cells, which results in 
aggravation and longer duration of the rejection process. This theory is supported 
by the fact that T-cells reactive for HSP were recently isolated from rejected human 
kidney allografts [48] and from rejected cardiac allografts [49, 50]. These T-lym- 
phocytes could be stimulated with recombinant human HSP72 in combination with 
antigen-presenting cells suggesting a role of HSP72 either as a transplantation anti- 
gen or as an unspecific trigger of T-cell activation associated with severe inflamma- 



223 




Klemens Trieb 




Figure 2 

Expression of HSP72 in normal human kidney with staining in glomeruli (podocytes/epithe- 
lia) and the distal tubules (x200). 



tion. On the other hand, hyperthermia induced HSP expression correlated with an 
improved renal rat isograft survival in a seven day study [47]. 

The distinct expression of HSPs in rejected kidneys, together with corresponding 
in vitro findings of HSP-specific T-cells, suggest a participation as immunogens in 
graft rejection. Whether heat shock proteins thereby act as primary inducers of 
rejection or as secondary stimulators of an immune response is subject of future 
investigations. If a temporary induction of HSPs in the allograft by hyperthermia 
leads to new procedures and prolonged graft survival remains open. 



HSPs and resistance 

A cell exposed to high temperature (45 °C) dies by apoptosis. If this cell is exposed 
to a sub-lethal temperature (for instance 41.5 °C for 30-60 minutes) and exposed 
after a recovery time to lethal temperature, the cell will survive. This is called ther- 
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Figure 3 

Expression of HSP60 in a rejected human allograft with cytoplasmic immunoreactivity in the 
tubular epithelium, glomerulas and blood vessels (x 200). 



motolerance and has been firstly investigated in T lymphoctes. Later on this phe- 
nomen came true for other forms of preconditioning by different stressors. It is 
accepted that (thermo-) tolerance is mainly related to the induction of heat shock 
proteins by the first stressor, including “chemical preconditioning”. The most 
important role is mediated by an increased expression of HSP72, which protects 
cells from death. HSP72 in renal tubular cells has been induced by heat, ischemia, 
nephrotoxic agents, hyperosmosis and hormones [39, 50-56]. Porcine tubular cells 
stably transfected with the HSP72 gene (not influencing HSP27, 60, 73 and 90 
expressions) were treated with hydrogen peroxide or cisplatin. Transfected cells 
were significantly more resistant to treatments than controls [41]. In 
ischaemia/reperfusion injury might cause delayed graft function in the first period 
after transplantation. Cell death in ischaemia/reperfusion is caused by different 
mechanisms including necrosis and apoptosis and may predict allograft failure 
[57-59] and several methods have been investigated to injury. Pre-treatment with 
FK506-inducing HS72 expression has been shown to be reno-protective and 
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improving renal function and histology [60, 61], The heat shock response during 
ischaemia/reperfusion seems not to be regulated by the heat shock factor 1, because 
heat shock factor 1 m-RNA remained constitutively expressed in a rat model [62]. 



Heat shock proteins and T lymphocytes 

In transplant immunology, HSPs have been suggested to serve as new target mole- 
cules for the stimulation of allograft infiltrating T-cells, as T-cells reactive to 
mycobacterial HSP65 and 70 were isolated from heterotrophic rat cardiac allografts 
[50], It has been reported in recent studies that T lymphocytes infiltrating rejected 
heart and kidney allografts recognize HSPs, thereby suggesting a participation of 
HSPs in transplant rejection [48-50], accompanied by an increased expression of 
HSPs during the rejection of human kidney allografts [40, 44], HSP-reactive T lym- 
phocytes from rejected human kidney allografts have been propagated. These lym- 
phocytes proliferated upon stimulation with human HSP72 (about five-fold), but 
did not react with HSP65. This response was restricted by the recipient’s MHC. T- 
cell lines reactive with recombinant HSP72 were also responsive to the respective 
allograft renal epithelial cells (about four fold proliferation). 



Antibodies to heat shock proteins in sera 

Although T lymphocytes play a major role in the development of both cellular and 
inflammatory immune responses leading to rejection of an allograft, the humoral 
part of the immune system is also of critical importance. HSPs are immunogenic, 
but their specific participation in the rejection process is still not completely clear, 
although an active role in the pathogenesis of rejection seems be possible. An asso- 
ciation of antibodies to HSP60 and high anti-heart antibodies in cardiac transplan- 
tation has been reported [63]. In kidney allografts, so far anti-HSP60 and 70 anti- 
body titers were evaluated by enzyme linked immunosorbent assay, whether they are 
of diagnostic, predicative, or prognostic value and were compared to age-matched 
healthy controls [64, 65]. Antibodies to HSP70 were found in 30% of the patients 
and to HSP60 in 50% before transplantation. This did not differ from post-trans- 
plant or normal levels. An ongoing reversible or irreversible rejection episode was 
not accompanied by a change in anti-HSP60 or 70 antibody titres. No correlation 
was found either to severity of rejection or an immunologically uncomplicated 
course or with the severity of immunosuppression. These antibodies might represent 
a part of naturally occurring antibodies. They may play a role in autoimmunity via 
cross-sharing of epitopes [31], due to high conservation on pathogens and on 
human HSPs. But in transplant rejection, there is so far no evidence of a primary 
involvement of antibodies against HSPs. 
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Introduction 

Mycobacterial infections constitute a major thread to cattle populations worldwide. 
The major mycobacterial infections are tuberculosis, caused by infection with M. 
bovis (MB), and paratuberculosis, caused by infection with M. avium ssp. paratu- 
berculosis (MAP). Evidence of (bovine) tuberculosis goes back to before the domes- 
tication of cattle (8000-4000 BC), however the battle against mycobacteria was sig- 
nificantly boosted by the discovery of the tubercle bacillus in 1882 by Robert Koch 
[1, 2]. Bovine tuberculosis can reside in many different organs, although the pul- 
monary form is usually considered to be the classical form, the latter being 
restricted to the lung and its draining lymph nodes. The description of a chronic 
granulomatous infection of the small intestine in a cow, by Johne and Frottingham 
in 1895, was the first report on paratuberculosis; although at the time they consid- 
ered it to be an unusual case of bovine tuberculosis [3]. Apart from the fact that MB 
and MAP have different tissue trophisms, they share many other characteristics. 
Both cause slow developing diseases, with a long asymptomatic period during which 
disease is spread between individuals, eventually causing a wasting syndrome in ani- 
mals progressing to the clinical stage of the disease, months or more likely years 
after infection. Both diagnosis, especially in the early asymptomatic stages of the dis- 
ease, as well as protective vaccination are notoriously difficult. Both diseases also 
represent a threat to human health as bovine tuberculosis is a zoonosis and, 
although still controversial, MAP has been implicated in the etiology of human 
Crohn’s Disease [1,4]. 

Another major point of interest lies in the physiology of the bovine immune sys- 
tem in which yb T-cells are the major T-cell population in the circulation during the 
first 6-12 months of life [5, 6]. In comparison with a(3 T-cells many questions on 
the functionality of y8 T-cell populations, during infection and inflammation, are 
still unanswered. Heat shock proteins (HSP) have been shown to be immunodomi- 
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nant antigens for cells in the B- and ap T-cell compartments, and they also have been 
shown to be important antigens for the T-cells [7, 8]. 

This chapter provides an overview of interactions between mycobacteria and the 
bovine immune system with special focus on reactivity towards mycobacterial HSPs 
in paratuberculosis. 



Bovine paratuberculosis 

Young calves, generally in the first six months of life, are most susceptible to acquire 
the disease. Bacteria are ingested via contaminated food sources most notably milk 
and environmental contamination [9]. MAP is taken up by M-cells in the mucosa of 
the Peyers patches of the small intestine. Following expulsion at the basal side of the 
M-cell the bacteria are taken up by macrophages underlying the domes of the Pey- 
ers patches [10]. The bacteria persist inside the macrophages, surviving its micro- 
biocidal mechanisms among others by altering the normal phagolysosomal matura- 
tion pathways [11, 12]. Dying macrophages release the bacteria which in turn are 
taken up by other macrophages in the vicinity. The macrophages also appear to be 
restricted in their capacity to migrate and accumulate at the lesional site, thus form- 
ing a granulomatous lesion. These lesions are poorly organised and usually charac- 
terized as lepromatous type lesions in analogy to the classification of leprosy lesions 
[13]. 

Clinically the disease has a prolonged asymptomatic phase in which neither 
immune responses nor excretion of bacteria in the faeces can be measured. This 
period may take as long as two years before the first signs of infections become 
apparent [13]. Most notably these signs are IFN-y production in response to chal- 
lenge with mycobacterial antigen preparations such as purified protein derivative 
(PPD), or similar indications of activation of cell mediated immunity, and (intermit- 
tent) shedding of bacteria in the faeces. During the years to follow, bacterial excre- 
tion will increase, immunological responses become more apparent as also anti- 
mycobacterial antibody response becomes detectable. Cows can remain in this stage 
of the disease for years. A limited number of animals rapidly progress to the clini- 
cal stage of the disease characterized by incurable diarrhoea due to the granuloma- 
tous lesions in the intestinal wall. Ultimately these animals die of emaciation caused 
by the protein loosing enteropathy. In the animals that develop clinical disease, anti- 
gen-specific immune response wane while excretion of the pathogen increases expo- 
nentially, thus contributing to spread of the disease [14]. 

In conjunction with other mycobacterial diseases, e.g., tuberculosis, antibodies 
are considered to contribute little to protective immunity against those intracellular 
bacteria. Protective immunity against paratuberculosis is considered to be essential- 
ly cell mediated. As such, protection depends on the interaction between T-cells and 
infected antigen presenting cells [15]. 
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Immunology of bovine paratuberculosis 

Despite their high degree of conservation HSPs are essentially very immunogenic 
proteins. In mycobacterial diseases the HSP have been found to induce both T- and 
B-cell activity [16]. As revievv^ed by Matzinger [17] the HSP recognition by immune 
cells could deliver an efficient danger signal to activate immune responses. They are 
challenging antigens for the immune system as they may provide a universal signal 
for infection, based on epitopes unique for, or shared, by pathogens. Furthermore, 
expression of self-HSP derived epitopes by infected cells may also facilitate immune 
recognition by shared mechanisms [18]. The sharing of epitopes bet^veen host and 
pathogen may potentially lead to autoimmunity (revie^ved in [19, 20]). However, 
pre-immunisation with HSP often leads to (partial) protection against, rather than 
induction of, autoimmunity in a number of experimental disease models (reviewed 
in [19]), probably via induction of regulatory self-HSP-reactive T-cells. Our research 
focuses on the unravelling of immune responses to MAP HSP60 and HSP70, as 
these constitute an evolutionary and functionally important strategy to deal with 
mycobacterial infections. 



Heat shock proteins and B lymphocytes 

The serological response to crude mycobacterial antigens (mainly purified protein 
derivate (PPD) type antigens) during paratuberculosis has been a subject in many 
studies with the primary aim to investigate the possibilities to improve diagnosis of 
this disease [21-27]. The results of serological studies have been generalized to 
argue in favour of an increased antibody response in later stages of the disease. It 
has been hypothesized that the decrease in CMI and the increased antibody respons- 
es reflects a switch in immune reactivity from Type 1 to Type 2 responses (reviewed 
in [13, 14]); based on the T helper cell dichotomy first described by Mosmann and 
co-workers [28]. Although this dichotomy is not as clear-cut in outbred species as it 
is in different murine strains, studies regarding bovine Type 1 and Type 2 immune 
responses have confirmed the crucial role of IL-4 and IFN-y as driving cytokines 
[29], like observed in mice. Furthermore, as a functional classification, a destination 
can be made between IFN-y dependent (Thl) antibody isotypes and IL-4 dependant 
Th2 related isotypes [30]. Likewise for cattle, it has been shown that IgGl and IgA 
as opposed to IgG2 and IgM isotypes can be classified as Type 2 associated isotypes 
and Type 1, respectively [29, 31-33]. 

To further study the claims that high antibody titres signal a switch from a pro- 
tective Type 1 to a non-protective Type 2 immune response, we studied isotype spe- 
cific antibody responses to mycobacterial antigens. Significantly elevated HSP65 
specific IgGl was measured in sera of vaccinated and shedding animals when com- 
pared to controls. More HSP65 specific IgGl was detected in vaccinated animals as 
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compared to non-shedders. In shedders and animals with clinical signs less HSP65 
specific IgG2 was detected as compared to vaccinated animals. Decreased HSP65 
specific IgG2 and IgGl responses were observed in animals with clinical disease 
when compared with shedders. In comparison to other antigens antibody responses 
to HSP70 in general were relatively low. Although shedders had higher responses 
compared to the other groups, no significant differences were found in HSP70 spe- 
cific IgGl between the groups. HSP70 specific IgG2 was significantly lower in the 
clinical diseased animals as compared to shedders and vaccinated animals. 

Previous studies have reported a decrease in cell-mediated immunity during pro- 
gression of paratuberculosis and concomitant increase in antibody responses during 
the disease. We were the first to show that that observation depends highly on the 
antigens and isotypes used to study the disease. We were able to show the “classi- 
cal” pattern only for PPDP antigens and the IgGl isotype. For other antigens and 
isotypes the response pattern is different and indicates that the progression from the 
asymptomatic stage to the clinical stage is not uniformly associated with an 
increased Type 2 response. Additionally, the observation that total IgG levels 
decreased during the clinical stage of paratuberculosis indicated that there appears 
to be no generalized increase in antibody responses. We concluded that, with excep- 
tion of PPDP specific IgGl, the change in Type 1 and Type 2 responses is charac- 
terized by a loss of Type 1 reactivity without an increase, or even with a concomi- 
tant decrease, in Type 2 reactivity [34]. 



Heat shock proteins and CD4+ T-cells 

In cross-sectional studies lymphoproliferative responses to MAP HSP70 and HSP60 
were evaluated, and in addition also to purified protein derivate (PPD) preparations 
from M. avium ssp. paratuberculosis^ M. avium and M. bovis. As lymphoprolifera- 
tion in adult cattle is almost exclusively attributable to the activation of CD4‘^ T- 
cells these studies provided insight into the basic relations between MAP HSPs and 
the bovine helper T-cell compartment [35]. 

Responses to PPD and HSP70 were higher in the vaccinated animals and in 
asymptomatic animals that shed the organism in their faeces. Compared with 
these animals, responses were lower in cows with clinical signs of paratuberculo- 
sis. Observations with short-term CD4'^ T-cell lines raised to PPD-P and to HSP70 
indicated that the similarity between those two antigens was not due to the pres- 
ence of HSP70 in PPD-P. Mycobacterial HSP60 induced less prominent responses 
compared with HSP70 but showed a similar pattern with regard to the stages of 
disease. In conclusion our study indicated that, as for PPD antigens the mycobac- 
terial heat shock protein specific cell mediated immune responses decrease when 
comparing the asymptomatic stage to the clinical stage in bovine paratuberculosis 
[35]. 
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Subsequently, the hypothesis that a loss of CD4'^ Th cell activity could be due to 
redistribution of T-cells to the lesional site was tested. Cows with known infection 
status were sacrificed following blood collection by vena puncture. Mesenteric 
lymph nodes draining sections of the small intestine as well as the drained sections 
of the intestine were collected for further studies. The lymphocytes collected from 
those tissues showed similar responses to mycobacterial antigen when compared to 
blood derived lymphocytes when compared according to disease status. Hence a 
similar loss of reactivity was observed in local lesional tissues of animals with clin- 
ical signs of disease. Further analysis by immunohistochemistry and flow cytometry 
revealed a loss of CD4^ Th cells from those lesional sites [36]. 

Collectively these data on CMI suggest that observed changes in antigen specif- 
ic immune reactivity during progressive bovine paratuberculosis are more likely due 
to a loss of CD4'" Th cells rather then redistribution of Th cells. 



Heat shock proteins and CD8^ T-cells 

Experiments with different strains of knock-out mice as well as studies on genetic 
defect in humans have indicated a pivotal role for the cytokines IFN-y and IL-12 in 
mycobacterial diseases. Second to those cytokine mediated signalling systems the 
helper T-cell compartment is thought to be very important in resistance [37-40]. 
The role of the CDS'" T-cells has been subject of debate, however cytotoxic T-cells 
do contribute to resistance to mycobacterial infections [41-43]. Data on the induc- 
tion of CDS'" T-cells during mycobacterial infections in cattle either using crude or 
recombinant antigens is scant, and for HSP reactive CDS'" T-cells no data is avail- 
able. A limited number of studies, using murine models of mycobacterial infection, 
have indicated that mycobacterial HSP60 contains at least one CTL epitope [44]. 

In the case of mycobacterial HSP70 no specific CDS'" CTLs have been described; 
however this molecule has gained recent attention as it was shown to possess so- 
called cross-priming capabilities. In short HSP70 belongs to a group of molecules 
that are able to translocate protein epitopes, complexed to them or linked as a 
fusion protein, into the cellular MHC Class I presentation pathway when adminis- 
tered extracellularly. This contrary to unaltered protein which when offered extra- 
cellularly is predominantly processed and presented via the MHC Class II pathway 
(reviewed in [45]). This process is receptor mediated and to date several receptors 
have been described to be involved such as the a2 macroglobuline receptor [46, 47] 
and LOX [48]. Several studies have indicated that these properties can be used to 
generate CTLs that recognise tumor antigens, viral antigens, as well as intracellular 
pathogen related antigens in the context of MHC Class I. Such protein based, adju- 
vants free, vaccine systems may prove to have substantial benefits over using e.g., 
attenuated pathogens to induce CTLs [49]. Other interactions between HSP70 and 
receptors on APCs have been described which point to the fact that heat shock pro- 
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teins, originating from pathogens and/or cellular damage, that are able to come in 
contact with APCs provide ample signalling to these cells to induce their activation 
[50]. We have recently demonstrated that similar interactions between MAP HSP70 
and bovine APCs occur [51], thus fulfilling the primary criteria allowing further 
study of these interactions in cattle. 



Heat shock proteins and y8 T-cells 

The immune system of ruminants (cattle, sheep, and goats) has a number of char- 
acteristics unique among mammals. One of those features is the abundance of T 
lymphocytes with a y5 T-cell receptor present in blood of young animals. The y5 T- 
cells can represent up to 75% of blood T lymphocytes during the first 6-9 months 
of life [5, 6, 52]. The majority of these y8 T-cells express the workshop cluster 1 
(WCl) molecule. Based on the expression of the WCl molecule, which belongs to 
the scavenger receptor cysteine-rich domain family, the y8 T-cells can be divided into 
two sub-populations, WCl"^ and WC1“. As no homologues of the WCl have been 
described to be expressed on human or murine y8 T-cells this too can be considered 
a unique feature of ruminant y8 T-cells [53-55]. 

The recognition of antigen by y8 T-cells is incompletely understood, although 
several restriction elements have been described. While a minority of the y8 T-cells 
recognizes antigen in the context of MHC I or II, the majority of y8 T-cells see their 
antigen differently. Protein antigens may be recognized via non-classical MHC I 
(MHC Ib) molecules [56], lipid based antigens by presentation in CDl molecules 
[57]. Ruminant y8 T-cells express a very diverse repertoire of T-cell receptors which 
is in sharp contrast to the limited VyV8 segment use in mice and humans. Hence the 
ruminant y8 T-cells may have a better developed capacity to recognize diverse lig- 
ands as compared to human and murine y8 T-cells [52, 58]. 

With regard to the antigenic specificity of the regulatory T-cells, peptides derived 
from (self) heatshock proteins (HSP) are interesting ligands that could be presented 
by APC, but also in some species, among which cattle, by activated a(3 and y8 T-cells 
in the context of MHC Class II. In addition, both eukaryotic and prokaryotic HSPs 
are protein antigens that have frequently been observed to induce activation of y8 T- 
cells [59-61]. 

In the course of intracellular mycobacterial infections two, apparently opposite, 
functions of the y8 T-cell population have been described. Evidence has been pre- 
sented that the y8 T-cell population contributes to clearance of infection by the 
secretion of IFN-y via a positive feedback loop sustained by activated antigen spe- 
cific CD4'^ T-cells and IL-12, possibly enhancing the conditions for a micro-envi- 
ronment that favours cell mediated immune responses in early stages of infection 
[62]. However, in low-dose infection models for tuberculosis, it has been shown that 
y8 T-cells may predominantly have an immunoregulatory (anti-inflammatory) func- 
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tion which involves regulation of granuloma formation [63]. Additionally, negative 
feedback loops via IL-10 have been described which appear to down-regulate Thl 
and NK-based IFN-y production, and also indicate an immunoregulatory function 
of y5 T-cells controlling Thl responses [64, 65]. Studies using murine gene knock- 
out (KO) models e.g., y8 KO show that y8 KO mice are not severely hampered in 
their anti-mycobacterial capabilities, however the y8 T-cells appear to have an anti- 
inflammatory role aimed at reducing inflammation driven tissue damage (reviewed 
in [8, 40]). Similar results have been obtained with regard to the role of y8 T-cells in 
models for bovine mycobacterial diseases such as tuberculosis (M. bovis) and 
paratuberculosis (M. paratuberculosis). Bovine WCl^ y8 T-cells in M. bovis infec- 
tion in the xenogeneic SCID-bo system may have a pivotal role in the early stages 
of infection, and it is involved in the resulting architecture of the lesions, possibly 
by recruitment of cells to the lesions [66]. Tanaka et ah, in a Balb/c mouse model 
for paratuberculosis, have shown that in the y8 KO Balb/c mice there is more organ- 
isation in the granulomas in the advanced stages of infection as compared to the 
wild type mice. The results indicate that the y8 T-cell population does not restrict the 
growth of the mycobacteria but allows for formation of epitheloid granulomata as 
are observed in progressive bovine paratuberculosis [67]. Recent studies on cattle 
experimentally infected with M. bovis show that there is early activation of WCl"^ 
y8 T-cells. Purified WCl'^ y8 T-cells have a strong proliferative response to M. bovis 
antigen in vitro, with relative low production of IFN-y [68]. Our own studies on the 
immunopathogenesis of bovine paratuberculosis also show different kinetics of y8 
T-cells both in early stages of infections and during the final progressive stages of 
the disease [36]. However, the role of y8 T-cells in protective immunity remains 
unclear, and regulatory functions may prevail over those inducing protective immu- 
nity. 



Conclusions 

In the course of bovine paratuberculosis dramatic changes in the immune reactivity 
to the mycobacterial pathogen occur that are related to the outcome of the infec- 
tion. This review has focussed on some of the major players. Current evidence 
points to an antigen specific mechanism that causes the demise of CD4^ helper T- 
cells that recognize mycobacterial antigens. As a consequence of the progressive loss 
of these €04"" T-cells the infection progresses beyond control leading to massive 
intestinal pathology eventually leading to the death of the cow. Major questions at 
this point relate to the mechanism of this loss of CD4^ T-cells. The direct interac- 
tion between infected macrophages and dendritic cells on the one hand and CD4'^ 
T-cells on the other hand may lead to the induction of apoptosis in the 004^^ T-cell 
population. This could occur via signalling mechanisms through cell membrane 
bound molecules (e.g., Fas-FasL interactions) or via cytokines [69-71]. Another 
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possibility may be a regulatory function of y8 T-cells, which may start down-regu- 
lating the chronic activation of the CD4'^ T-cells during these chronic infections, in 
a misdirected attempt to limit tissue damage [8]. On the point of intervention and 
protection more insight in the role of the CD8'^ T-cells during these intracellular 
infections warrants attention. The role of NK cells, functioning as a bridge between 
innate and specific immunity, probably together with y8 T-cells, has not been dis- 
cussed, as currently there are no tools to study these cells in ruminants. 

Further studies on these complex mycobacterial diseases in a natural host are 
indispensable to further understand the pathogenesis as well as aid the rational 
design of eradication strategies both on the level of individual animals as well as the 
population, with potential benefits for the battle against mycobacterial diseases 
threatening human health as well. 
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Introduction 

The idea that microbial infections play a role in the development of multiple scle- 
rosis (MS) is as old as the notion itself that MS represents a distinct neurodegen- 
erative disease. Epidemiological data on MS, the appearance of characteristic 
oligoclonal populations of IgG in the cerebrospinal fluid, elevated serum Ig levels 
to several viruses, associations between MS relapses and infections and the fre- 
quent presence of viral infections in MS brains are all consistent with the idea that 
infections, in particular with Epstein-Barr virus (EBV) somehow play a role [1-5]. 
Also animal models of viral infections in the central nervous system (CNS) con- 
firm the ability of such infections to trigger chronic demyelinating disease. Erus- 
tratingly however, EBV and other pathogens so far implicated in the pathogenesis 
of MS are all rather ubiquitous and so far, they have never been found to be spe- 
cific for MS. Current data therefore point to a relationship between microbial 
infection and MS that is more complex than a simple “one agent - one disease” 
paradigm. 

The apparent absence of an MS-specific infectious agent is paralleled by the 
notion that autoimmune T-cell responses to myelin components can also form the 
basis for chronic inflammatory demyelinating disease (reviewed in [6]). Animal 
models have shown that in appropriate genetic backgrounds, many myelin-associ- 
ated proteins or peptides can trigger pathogenic experimental autoimmune respons- 
es. Presentation of such myelin-derived antigens in active MS lesions is abundant, as 
is apparent from neuropathological studies [7]. Myelin-associated antigens have 
therefore ample opportunity to contribute to the inflammatory process should they 
be able to activate T-cells. This autoimmune view on MS, however, raises the ques- 
tion how myelin-specific autoimmune responses develop in humans in the absence 
of the strong artificial adjuvants that are commonly used in experimental models. 
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This question seems to take us back to microbial infections since this is one of the 
major driving forces behind the shaping and maintenance of an adult human T-cell 
repertoire. 

Several hypotheses have previously been put forward to explain how microbial 
infections could activate myelin-reactive T-cells. The focus on helper T-cells of the 
immune system in these hypotheses is inspired by the generally accepted notion that 
via secretion of interferon (IFN)-y, helper T-cells control the activity of microglia 
and macrophages that are the prime effector cells of demyelination in MS. The two 
currently most popular ideas are generally referred to as either molecular mimicry 
or epitope spreading. 

The concept of molecular mimicry proposes that structural similarities between 
microbial antigens and myelin-associated proteins can lead to functional cross-reac- 
tivity and can turn antimicrobial responses into autoimmune ones [3, 8]. Several 
examples have been described of individual T-cell clones that display cross-reactivi- 
ty between myelin peptides and microbial sequences. That this would be a surpris- 
ing phenomenon, however, is based on the implicit assumption that T-cell receptors 
(TCR) should be very specific and unlikely to react to any other peptide than their 
original target epitope. However, data have accumulated over the past few years to 
show that each TCR is, in fact, capable of reacting with hundreds of thousands, if 
not millions of different peptides [9-13]. These data prompt a re-evaluation of the 
concept of molecular mimicry in suggesting that molecular mimicry at the level of 
single TCR is much more frequent than once assumed, and probably of little rele- 
vance at the level of polyclonal T-cell responses. 

A second popular hypothesis to explain how microbial infection could activate 
myelin-specific immune responses is bystander activation or epitope spreading 
(reviewed in [14]). This hypothesis proposes that infectious tissue damage could 
lead to such a powerful pro-inflammatory micro-environment that novel T-cell 
specificities are generated to local tissue antigens. Specific immune responses could 
thus spread from the initial infectious trigger to local self antigens and these sec- 
ondary autoimmune responses could then become pathogenic in their own right 
[15-17]. In murine models of autoimmunity, newly emerging and regressing sys- 
temic autoimmune T-cell responses to myelin antigens have been convincingly doc- 
umented shortly after the first episode of acute disease. However, abnormal systemic 
anti-myelin T-cell responses that define determinant spreading in animal models 
have never been found in MS patients, despite impressive efforts to reveal them 
(reviewed in [6]). All evidence that has been accumulated in over two decades of 
research only show that T-cell reactivities against myelin antigens in MS patients are 
indistinguishable from what is found in healthy subjects [18]. In conclusion, no evi- 
dence is available for either molecular mimicry or epitope spreading to occur in MS 
at levels that may explain the disease. Another problem is that none of the mecha- 
nisms can provide an explanation for the fact that MS only occurs in humans. Clear- 
ly, there is still room for alternatives. 



246 




Microbial infection generates pro-inflammatory autoimmunity... 



Alpha B-crystallin as a dominant autoimmune target in myelin 

In a set of experiments that turned out to be pivotal for our studies, we examined 
human T-cell responses to the complete collection of myelin-associated proteins in 
MS brains [19]. Following high-resolution HPLC fractionation of all myelin pro- 
teins derived from MS brains, a single protein was found that was much more 
potent in activating cultured myelin-primed human T-cells than any other myelin 
component. This protein was identified as the small HSP alpha B-crystallin. Figure 1 
provides a representative example of the T-cell response profile against fractionated 
myelin proteins from MS brains. Like in all other cases reported, these T-cell 
response profiles were essentially the same in MS patients as compared to healthy 
control subjects. Using collections of myelin proteins derived from control brains, 
the dominant T-cell response to alpha B-crystallin did not occur. This difference cor- 
responded to a locally very high expression of alpha B-crystallin inside oligoden- 
drocytes (and thus in myelin) in areas of early inflammation in MS brains and very 
low levels of expression in normal brains [19]. Recent studies have confirmed this 
difference by showing via large-scale sequencing of random cDNA libraries that 
alpha B-crystallin is the single most strongly up-regulated gene product in areas of 
active inflammation in MS [20]. 

The small HSP alpha B-crystallin shares the classical characteristics of other HSP, 
i.e., stress-inducibility, strong sequence homologies among different mammalian 
species and molecular chaperone properties. Yet, alpha B-crystallin is quite different 
from other HSP in its pattern of expression (reviewed in [21, 22]). Alpha B-crys- 
tallin has a restricted tissue distribution in humans and it certainly does not become 
expressed in virtually all cells, as appears to be the rule for many other HSP includ- 
ing members of the HSP90, HSP70, HSP60 and HSP27 families of HSP. In the 
human body, significant expression of alpha B-crystallin can only be found intra- 
cellularly in components of the eye, cardiac muscle and skeletal muscles and in 
astrocytes and oligodendrocytes in the CNS but not in healthy lymphoid cells and 
organs. When expressed, alpha B-crystallin is generally tightly associated with 
cytoskeletal elements, where it plays a major role in conferring resistance against 
e.g., TNF and oxidative stress-induced damage. Another important distinction 
between alpha B-crystallin and many other HSP is the fact that alpha B-crystallin 
has no prokaryotic homolog. These features of alpha B-crystallin are key in allow- 
ing it to play a special immunological role in humans. 

Since alpha B-crystallin is an HSP, a relevant issue is the question is whether or 
not the very high expression of this protein in oligodendrocytes/myelin from MS 
brains is only an epiphenomenon, and secondary to the inflammatory process. In 
two detailed studies, we conclusively showed that in fact, high expression of alpha 
B-crystallin in oligodendrocytes in MS brains and its uptake by phagocytosing 
macrophages is the earliest marker known to date for inflammatory demyelination 
lesions in MS [23, 24] and that its expression rapidly fades at later stages of inflam- 
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Figure 1 

Alpha B-crystallin is a dominant immunogen in myelin from MS brains. 

In the bottom part of Figure 7, a reversed-phase HPLC profile is shown of the complete col- 
lection of proteins extracted from pooled CNS myelin from MS patients. In the upper part, 
proliferative responses are shown of cultured myelin-primed T-cells from an MS patient to 
each of the separate protein fractions, as representative example for 24 donors tested. The 
result reveals that despite representing an only minor fraction relative to the total amount of 
protein, alpha B-crystallin (indicated by an arrow) triggers a stronger T-cell response than 
any other myelin protein. For further details, see [19]. 
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mation: Quite the opposite therefore from being a secondary phenomenon. These 
studies also revealed that alpha B-crystallin is indeed functionally presented to T- 
cells via Class II MHC molecules in early MS lesions, accompanied by key co-stim- 
ulatory molecules such as CD40 and B7-1. 



Autoimmune T-cell and antibody responses to alpha B-crystallin are 
unique to humans, and they are absent from other mammals 

At the early stage of our studies, extensive efforts were devoted to induce experi- 
mental autoimmune encephalomyelitis (EAR) in rodents with alpha B-crystallin, to 
provide for a system for experimental manipulation of autoimmune responses 
against the HSP and to develop strategies for intervention. The consistent outcome 
of these efforts, however, was the finding that in any other mammal except for 
humans, a state of complete tolerance exists for self alpha B-crystallin. Not even 
with powerful adjuvants such as complete Freund’s adjuvant could any detectable 
level of helper T-cell or antibody reactivity be experimentally induced against self 
alpha B-crystallin in various strains of rats or mice [25-27]. In association with this 
profound state of tolerance, readily detectable constitutive expression of alpha B- 
crystallin was found in primary (thymus) as well as secondary (spleen, lymph nodes 
and peripheral blood lymphocytes) lymphoid tissues and cells at the level of both 
mRNA and protein [28]. The same was found for rabbits, cattle, sheep and several 
primates including marmosets, aotus and rhesus monkeys. 

Only in humans, alpha B-crystallin has remained undetectable in lymphoid cells 
by current methodologies and in concordance with this absence, the adult human 
immune repertoire is characterized by autoimmune reactivity against alpha B-crys- 
tallin at levels far beyond the background levels that are found for comparable other 
self proteins. This is most clearly demonstrated by results from recent studies on 
human antibody reactivity against alpha B-crystallin (unpublished results). In these 
studies, we compared auto-antibody reactivity in humans against alpha B-crystallin 
with other closely related protein targets, viz. other crystallins. Most of these share 
key physico-chemical properties with alpha B-crystallin, they are of similar size, and 
they all form the building blocks of specialized structures in the eye such as the eye 
lens. In particular alpha A crystallin shares about 50% sequence homology with 
alpha B-crystallin and is an almost perfect comparative subject of study. By com- 
paring auto-antibody reactivities to HPLC-fractionated eye lens crystallins using 
western blotting, it was revealed that normal human serum antibodies contain a 
remarkable specificity towards alpha B-crystallin, but not to any of the other crys- 
tallins (Fig. 1C). Very similar response profiles and levels of reactivity were docu- 
mented for antibodies in the serum of MS patients (Fig. 2D). This unique auto-anti- 
body reactivity, dominated by IgG responses, parallels the previously documented 
helper T-cells reactivity against alpha B-crystallin. 
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Figure 2 

Alpha B-crystallin is a prime target for human serum antibodies. 

Total protein extracts were prepared from pooled human eye lenses and fractionated by 
reversed phase HPLC (panel A). The protein fractions collected by HPLC were subjected to 
SDS-PAGE (panel B, note that Figure 2B is a composite of two separate gels). Figures 2 A and 
B together reveal high-resolution fractionation of all eye lens proteins confining each indi- 
vidual protein to maximally three consecutive HPLC fractions. As references, purified recom- 
binant human alpha B-crystallin supplied with a His-tag (hC) and purified bovine eye lens 
alpha B-crystallin (bC) were included. 

Human serum IgC antibody recognition of eye lens proteins was evaluated by western blot- 
ting using the HPLC- fractionated material and SDS-PAGE conditions as illustrated In panels 
A and B. In panel 2C, the results are illustrated for pooled control serum (a composite of 70 
different serum samples from healthy subjects) and in panel 2D for a clinically definite MS 
patient as a representative example for a total of 12 MS patient sera tested. Note marked 
IgG recognition of alpha B-crystallin in fractions 12 to 14 in both cases and negligible 
responses to other crystallins. 



All available data indicate that the T-cell response to alpha B-crystallin in 
humans is dominated by secretion of the pro-inflammatory mediator IFN-y and an 
almost complete lack of the regulatory cytokines IL-4 and IL-10 [19, 24, 29]. This 
has been best demonstrated by studies in which intracellular accumulation of 
cytokines inside helper T-cells in response to recombinant human alpha B-crystallin 
was examined. By using this technique [30, 31], acute antigen-specific cytokine 
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responses were measured in peripheral T-cells without pre-culturing steps. At the 
same time, expression of CD4 and the CD45RO memory marker on responsive T- 
cells were assessed. The data consistently revealed that the anti-alpha B-crystallin T- 
cell response in humans is primarily pro-inflammatory and involves almost exclu- 
sively CD4+ CD45RO+ memory T-cells. This feature is found for healthy controls 
and MS patients alike. 



Viral infection triggers bystander autoimmunity to alpha B-crystallin 

As clarified above, a dramatic difference exists between antibody and T-cell reactiv- 
ity to self alpha B-crystallin in humans as compared to other mammals. In a normal 
adult human immune repertoire, powerful pro-inflammatory responses exist while 
in rodents for example, such responses cannot even be induced with complete Fre- 
und’s adjuvant. Importantly, the fact that in normal adult subjects we are dealing 
with an IgG and memory helper T-cell repertoire indicates that a naturally occurring 
event must have primed the human repertoire against alpha B-crystallin. Previous 
contact with alpha B-crystallin from exogenous sources could in principle explain 
this, but as already mentioned above, no alpha B-crystallin homologs exist in any 
bacterium or virus known to date. Also, several studies have indicated that the 
human response is rather specific for self alpha B-crystallin and frequently fails to 
cross-react even with highly homologous other mammalian alpha B-crystallins such 
as the bovine (98% identical) or murine (97% identical) homologs. The most like- 
ly source of the priming event is therefore the human body itself. What could it be.? 

A rather serendipitous event led us to examine the role of viral infection in this 
respect more closely. When using Epstein-Barr virus (EBV)-transformed cells as 
autologous antigen-presenting cells, we found unexpected spontaneous responses 
from specific T-cells lines against alpha B-crystallin even before antigen was added 
to the cultures. As it turned out, many EBV-infected and -transformed B-cell lines 
showed unexpectedly high expression of alpha B-crystallin. Eollow-up studies 
revealed that also upon normal infection of B-cells with live EBV, de novo expres- 
sion of alpha B-crystallin rapidly occurred. As the result of productive infection and 
lysis of B-cells, this could be shown to lead to MHC class Il-restricted presentation 
of alpha B-crystallin to helper T-cells [28]. Also with other viruses such as human 
herpes virus-6, measles virus and influenza virus, some infection-induced expression 
could be detected in cultured lymphocytes. While EBV therefore may not be the only 
virus that produces this effect, it does so quite effectively and at least in vitro by far 
the strongest. 

Although there is currently no direct evidence as yet, it seems likely that de novo 
expression of alpha B-crystallin in virus-infected human lymphocytes also occurs in 
vivo. This would provide a very plausible explanation for the presence of memory 
T-cells and IgG against self alpha B-crystallin in most humans. Priming against 



251 




Johannes M. van Noort 



alpha B-crystallin would thus become the side effect of a natural viral infection such 
as with EBV. Natural EBV infection occurs in about 90% of the general population 
and, interestingly, in a full 100% of people with MS (reviewed in [5]). 



How does a widely distributed self HSP play a role in organ-specific 
autoimmunity? 

A final issue to be addressed in this review is the question how alpha B-crystallin 
could play a role in an organ-specific disease like MS. While alpha B-crystallin is 
certainly not ubiquitously expressed in humans, it is also not specifically expressed 
only by myelin-forming cells in the central nervous system. Also, as stressed several 
times in this review, the autoimmune T- and B-cell repertoire against this HSP is 
indistinguishable between healthy subjects and MS patients. Being neither organ 
specific in its expression, nor disease specific in its status as autoimmune target, how 
could the protein play a role as autoimmune target in MS? 

The key consideration to understanding this issue is the notion that any antigen 
requires presentation by Class II MHC molecules as well as productive co-stimula- 
tion to be effective as T-cell activator. Cells and tissues that normally express alpha 
B-crystallin are non-lymphoid and they display no or very low levels of expression 
of Class II MHC molecules, and no detectable levels of co-stimulatory molecules. It 
is widely recognized that under such conditions, even non-self antigens remain silent 
since they are “invisible” to the immune system [32-34]. The visibility of alpha B- 
crystallin is even further diminished by the fact that the protein is tightly associated 
with insoluble intracellular cytoskeletal elements, preventing its release into the 
extracellular space that would allow access to the MHC Class II presentation path- 
way. 

Thus, alpha B-crystallin that is routinely expressed in various human cells and 
organs will fail to trigger autoimmunity by being packed inside immunologically 
silent cells. In the CNS, however, a unique topological situation occurs that may 
change this. When alpha B-crystallin is produced by oligodendrocytes, it becomes 
part of the myelin sheaths that protect axons and thus, it effectively becomes part 
of the extracellular matrix. Eor reasons currently unknown, oligodendrocytes in MS 
brains sometimes produce at least ten-fold higher levels of alpha B-crystallin [20] 
and at the same time, the surrounding microglial cells as well as the blood-brain bar- 
rier endothelial cells become activated [35-37]. As this will lead to increased 
immune surveillance and influx of leukocytes, a dangerous mixture thus arises of 
antigen-presenting cells, T-cells, MHC molecules and co-stimulatory signals in a 
micro-environment where alpha B-crystallin is available at high levels in the extra- 
cellular space. It is this mixture that is more than likely to spark a pathogenic 
inflammatory reaction. 
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Concluding remarks 

Above, we have clarified that in adult humans, a remarkably strong pro-inflamma- 
tory memory T-cell and antibody response exists to the small HSP alpha B-crys- 
tallin. In vitro data strongly suggest that primary infection of B-cells with EBV trig- 
gers de novo expression of alpha B-crystallin in the infected lymphoid tissue, and 
subsequent priming of human helper T-cells and antibody responses against alpha 
B-crystallin. Programmed for absence of alpha B-crystallin from healthy lymphoid 
tissues, human T- and B-cells will mistake the protein for another microbial antigen 
and they will treat it accordingly. Given the fact that viruses such as EBV are life- 
long persistent viruses that periodically become reactivated [38, 39], maintenance of 
this memory repertoire against alpha B-crystallin is certified. In itself, however, the 
alpha B-crystallin-reactive T-cell and antibody repertoire is not pathogenic since the 
target antigen remains invisible in healthy cells and tissues where it is expressed. 
Local pro-inflammatory factors in CNS white matter, however, including accumu- 
lation of extracellular alpha B-crystallin may in some cases and at some times lead 
to a spark for pathogenic inflammation, with the existing memory repertoire as the 
fuel for such inflammation to reach pathogenic levels. After all, the adult human 
immune repertoire is programmed to mistake alpha B-crystallin for a non-self 
microbial antigen. 

The unusual tissue distribution of the small HSP alpha B-crystallin in humans 
therefore seems to have unusual consequences in turning it into a driving antigen m 
a disease that is also specific for humans: MS. Unfortunately, no animal model will 
ever be able to effectively mimic the immunology of alpha B-crystallin in humans 
and the final test for the above ideas will depend on experimental intervention in 
humans. The immunological and clinical response in MS patients to specific toler- 
ance induction for alpha B-crystallin will be an interesting indicator for the validity 
of our ideas. 
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Introduction 

An efficient and sufficient inflammatory response mediated by cells belonging to 
both the innate and adaptive immune system, is crucial in order to clear infection 
and allow for tissue repair after damage. Natural killer (NK) cells are innate type of 
lymphocytes, which together with activated CDS'" T-cells mediates immune respons- 
es against many pathogens and tumors. These lymphocytes can survey tissues look- 
ing for evidence that a cell has been altered and thereby prevent pathogen invasion 
and/or tumor growth and metastasis. Upon encountering an altered cell, they have 
the option to either kill the cell directly through release of lytic granules and/or to 
produce cytokines. Rapidly accumulating data show that certain MHC Class I spe- 
cific cell-surface receptors, known previously to critically regulate NK cell functions, 
appear on large numbers of CDS'^ T-cells after activation [1-3]. 

In this chapter, I will focus on the role of CD94/NKG2 receptors, which are con- 
stitutively expressed on most resting and activated NK cells, and induced on subsets 
of activated T-cells. A description of a novel immune strategy for detection of 
stressed cells via peptide-dependent interference with CD94/NKG2-receptors will 
also be introduced. Potentially, these findings may result in novel peptide-based 
strategies to treat infection, cancer and autoimmune diseases. 



MHC specific NK cell receptor families 

The balanced action of positive and negative regulatory molecules determines the 
functional outcome of NK cell interaction with normal or “aberrant” cells. MHC 
Class I molecules are potent ligands for NK cell receptors (NKR) that negatively reg- 
ulate their response towards normal cells. The loss - or down-regulation of one or 
several MHC Class I molecules, which is common during certain viral infections and 
neoplastic transformation — may result in NK cell activation, provided that the NK 
cells simultaneously receive sufficient stimulation. Such stimulation can be received 
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via activating NK cell receptors, cytokine receptors, adhesion molecules and suffi- 
cient interaction between activating receptors and their ligands expressed on the sur- 
face of tumors or pathogen-infected cells [4-6]. 

In humans, at least two structurally distinct groups of HLA-Class I specific 
receptors have been described [7, 8]. The first consists of C-type lectin-like receptors 
that include heterodimers composed of a common subunit (CD94) covalently asso- 
ciated with a distinct NKG2 chain, either inhibitory NKG2A, or activating forms 
NKG2C and NKG2E. The second group consists of immunoglobulin (Ig) domain- 
like receptors, including killer cell Ig-like receptors (KIRs), leukocyte Ig-like recep- 
tors (LIRs a.k.a. Ig-like transcripts, ILT) [9, 10]. In most cases, the ligands for the 
KIRs and LIRs are classical HLA Class I molecules, whereas the CD94/NKG2 recep- 
tors - which are conserved between human and mice - recognize non-classical HLA- 
E (or its murine ortholog Qa-lb) molecules when loaded with a nonapeptide derived 
from the leader sequence of certain HLA-A, -B, -C or -G heavy chains [11-13]. Like- 
wise, mouse CD94/NKG2 receptors bind to Qa-lb presenting a similar peptide, 
termed qdm, which is derived from the leader sequence of H2D or H2L [14-16]. 
The CD94/NKG2 receptor approach to recognize HLA-E displaying a HLA Class I- 
leader peptide thereby allow NK cell subsets to survey a broader range of HLA- 
Class I molecules, whereas each KIR recognizes a group of HLA “allotypes” which 
each are capable of binding a large set of peptides. Thereby, KIR and CD94/NKG2 
receptors complement each other in the surveillance of “aberrant” cells. It should be 
mentioned that although there are reports of peptide selective recognition by KIR 
the reason for this is still elusive [17-21]. 



CD94/NKG2A is expressed at bright levels on certain NK cell subsets 

Up to 15% of all circulating lymphocytes in healthy individuals are NK cells. They 
can also be found in lymph nodes, bone marrow as well as in peripheral tissues such 
as decidua, liver, skin and intestine [22-24]. Freshly isolated NK cells can be broad- 
ly divided into two major subsets based on the cell surface levels of the CD56 mark- 
er, the CD56‘^^^ and the CD56^^^§^^ populations [25-26]. The CD56^™ population 
comprises approximately 90% of the NK cells in peripheral blood, whereas 
CD56^^^8^^ cells seem to predominate in lymph nodes and peripheral tissues. Gener- 
ally, the CD56^^^§^^ population in peripheral blood expresses few and low levels 
KIRs and bright levels of CD94/NKG2A. In contrast, the CD56^™ population 
expresses higher levels of KIRs, but lower levels of CD94/NKG2A [27]. The phe- 
notypic division between these two NK subsets is associated with different effector 
functions. Resting CD56‘^‘^ NK cells have a higher cytotoxic potential against most 
tumor targets. In contrast, the CD 5 population has the ability to produce 
impressive amounts of cytokines (IFN-y, TNF-(3, GM-CSF, IL-13) following direct 
stimulation by certain combinations of monocyte/DC derived cytokines (e.g. IL-1, 
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IL-12, IL-15, IL-18) or T-cell secreted IL-2 [26, 28, 29], The production of cytokines 
by resting and/or activated NK cell subsets is also regulated by activating and 
inhibitory NKR signaling during cell-contact interactions, but there is much more 
to learn about how this is regulated and influenced by the local cytokine environ- 
ment [30-39], 

CD56'”'‘8'’' NK cells might have unique migratory properties based on their 
expression of cell surface adhesion molecules and chemokine receptors [25, 40, 41], 
and the presence of this subset in human lymph nodes suggest that they play an 
active role in the skewing of adaptive immune responses [29], As the CD56*’"§^'^ NK 
cell subset is also capable of producing IL-10 and TGF-P, these cells may also play 
an active part in the down-modulation of inflammatory responses [26], Besides 
being present in lymph nodes, NK cell also represents the major NK sub- 

set present in the synovial fluid of patients with arthritis [42, and our unpublished 
observation] where up to 20% of all lymphocytes are NK cells. These synovial-NK 
cells also express high levels of CD94/NKG2A and low levels of KIRs. In this 
respect, synovial-NK cells are phenotypically related to the small peripheral blood 
CD56'^"8’’' population and the lymph nodes subset. Based on these findings it is like- 
ly that HLA-E play a central role in the functional regulation of lymph node-NK 
cells and synovial-NK cells. Besides its function to maintain tolerance in NK cells, 
recent data in mice show that expression of high levels of CD94/NKG2A on NK 
cells correlate with lower level of apoptosis [43], which may suggest that repetitive 
HLA-E ligation is necessary to maintain receptor expression and survival of these 
cells. 

Like classical HLA Class I molecules, HLA-E is expressed in most tissues and on 
most cell types, including circulating leukocytes [13, 44]. It should be noted, how- 
ever, that the expression of HLA-E on cells in the synovial tissue has not yet been 
assessed and the existence of this synovial-NK subset has so far only been reported 
in the synovial fluid. 



CD94/NKG2 receptors are induced on CD8+ CTLs and inhibit anti-viral 
and anti-tumoral responses 

It is becoming increasingly apparent that upon activation conventional CD8^ T-cells 
can express CD94/NKG2A, which regulates their response against viral infections 
and tumors [45-47]. Viral infections also up-regulate HLA-E mRNA in antigen-pre- 
senting cells [48, 49]. The CD94/NKG2A receptor can persist on T-cell subsets long 
after pathogen clearance, but stable expressions, however, seem to mainly depend 
on whether the pathogen is capable of establishing a persistent infection (e.g., poly- 
oma virus). The GD94/NKG2A expression wanes among virus-specific memory T- 
cells in mice that are infected with virus that are acutely cleared, such as LCMV and 
influenza [45-47]. Perhaps repetitive antigenic stimulation by either viral or cross- 
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reactive self-antigens may help to maintain CD94/NKG2A expression, which may 
be cytokine dependent and/or influenced by the particular cell type presenting the 
antigenic epitopes. Interestingly, in HTLV-1 infected patients clonally expanded 
CD8^ T-cells expressing CD94/NKG2A receptors are not those with TCR-specifici- 
ty against the immunodominant HTLV-1 antigen, suggesting that CD94/NKG2A 
appear mainly on T-cells with TCRs specificity for subdominant antigens [50]. Low 
frequency of CD94/NKG2A^ T-cells in these patients was associated increased risk 
for inflammatory disorders associated with HTLV-1 infections suggesting that these 
cells may help to control immunopathologies associated with infections [50]. 

CD94/NKG2A expression is also found on a high proportion of CD8* T-cells 
infiltrating human tumors, such as melanoma and astrocytoma [51-54]. The recep- 
tor can restrain successful anti-tumor CTL responses, as shown in vitro by anti- 
CD94 antibody mediated masking on melanoma-specific T-cells [55]. 

Interesting new data show that only certain TCR specificities determines whether 
CD8^ T-cell subsets are committed to express high levels of inhibitory CD94/ 
NKG2A receptors after TCR engagement [56]. Most, but not all NKG2A"- T-cells 
also expressed NKG2C mRNA, and cross-linking CD94 showed that the inhibitory 
NKG2A form was dominant when expressed. However, subsets of T-cells appar- 
ently express activating NKG2 mRNA in the absence of NKG2A, and anti-CD94 
cross-linking on such cells provided a marked co-stimulation to TCR-mediated lysis 
[56, 57]. Furthermore, CD94/NKG2C^ but NKG2A- T-cells were totally refractory 
for NKG2A induction [56]. Taken together, it appears that distinct €08^^ T-cells 
subsets exist which are committed to either a dominant NKG2-inhibitory or NKG2- 
activating pathway, which in the case of NKG2A committed T-cells appear to be 
dictated by their TCR specificity. Finally, it should be noted that other lymphocyte 
subsets express CD94/NKG2 receptors. For example, constitutive expression is 
found on the majority of y8 T-cells [58], and conventional mouse and human CD4+ 
T-cells can up-regulate CD94/NKG2 receptors after activation [59, 60]. 



HSP60 peptide interference with CD94/NKG2 receptors 

Heat shock protein 60 (HSP60) is a highly conserved protein present in cells of vir- 
tually all living organisms where it performs important roles in various cellular 
processes [61, 62]. In eukaryotic cells, it is exported to the mitochondria where it 
assists in folding or refolding of proteins. Up to 90% of the total HSP60 pool is 
found within the mitochondria in healthy cells [63], and a mitochondrial targeting 
sequence is responsible for directing HSP60 to this location [64]. An increased pro- 
duction and altered distribution of HSP60 is observed when cells are subjected to 
various forms of stress such as metabolic changes, viral and bacterial infections, and 
increased temperatures [65]. Despite its strong conservation, HSP60 is known as 
one of the major antigens recognized during a wide variety of bacterial and parasitic 
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diseases [66]. Even an inflammatory response itself without apparent infection, acti- 
vate T- and B-cells that carry receptors for self-HSP60 derived epitopes [67]. Recent 
evidence shows a physiological role of self-HSP60 responses connected to immuno- 
regulatory mechanisms, and it is becoming increasingly apparent that the function- 
al properties of the T-cells activated against certain HSP6 0-peptides is as critical as 
their antigen specificity [68, 69]. For example, a strong proliferative T-cell response 
to self-HSP60 was shown to correlate with a good clinical prognosis in newly diag- 
nosed patients with juvenile RA [70]. Moreover, prior HSP60 vaccination with 
either whole HSP60 protein, HSP60 DNA, or HSP60 derived peptides can either 
protect from induction of an experimental autoimmune disease [70-75], or halt the 
progression of Type I diabetes in human [76]. This may suggest that episodes of 
acute and sufficient HSP60 autoimmunity may efficiently activate regulatory adap- 
tive immune mechanisms that can subsequently combat the effects of an otherwise 
destructive autoimmune process. 

Twelve years ago, Imani and Soloski showed that the cell surface levels of Qa- 
Ib, the mouse HLA-E homologue, could be up-regulated during heat stress [77]. 
Recently, the same group showed that Qa-lb is also able to present conserved 
HSP60 peptides of either mouse or bacterial HSP60 origin [78]. Based on these find- 
ings, we reasoned that stress-induced expression of endogenous HSP60 could result 
in the generation of peptides that gain access to the HLA-E presentation pathway. 
By searching the full-length human HSP60 sequence we identified four potential 
HLA-E binding peptides [79]. Interestingly, one of the peptides is located in the 
mitochondrial targeting sequence of human HSP60 (a similar peptide is found with- 
in the mouse HSP60), and this peptide as well as one of the other peptides was 
found to bind HLA-E. Our in vitro experiments demonstrated that the HSP60 sig- 
nal peptide (HSP60sp) could gain access to HLA-E intracellularly, in particular 
when cells are subjected to increased cellular stress [79]. Although increased HLA- 
E cell surface levels on stressed cells parallels increased NK-cell cytotoxicity, direct 
binding assays demonstrated that soluble HLA-E/HSP60sp tetramers did not engage 
either the inhibitory CD94/NKG2A or the activating CD94/NKG2C receptors. 
Importantly, although increased susceptibility towards NK-cell mediated lysis was 
observed with stressed target cells, these could efficiently be rendered resistant by 
simply adding a protective HLA-E binding peptide to the assay medium. Moreover, 
HSP60sp could effectively compete for HLA-E binding with an HLA-Class I signal 
peptide on non-stressed target cells. Our in vitro findings therefore support the 
notion that HSP60sp can gain access to HLA-E in vivo, which raises fundamental 
and important questions about the role of mitochondria in stressed, but non-apop- 
totic cells, during activation of immune responses, and about the mechanisms 
responsible for protein translocation from mitochondria to other intracellular com- 
partments. 

A greater fraction of such HLA-E/HSP60sp complexes are likely to be 
expressed on stressed cells in vivo, and the balance between protective and non- 
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protective HLA-E molecules would thereby allow CD94/NKG2A+ NK cells to 
gradually differentiate between “normal” and “abnormal” cells in a peptide- 
dependent manner (Fig. 1). This could be of particular importance not only for the 
CD94/NKG2A+ NK cell subset present in lymph nodes and in the 
inflamed joint, but also for the subsets of activated T-cells that expresses this 
receptor. Hypothetically, HLA-E presenting stress-induced peptides may be 
involved in the fine-tuning of NK and T-cell-mediated responses during infections 
and inflammatory responses without necessarily involving a pathogen-induced cel- 
lular change. Efficient uncoupling of CD94/NKG2A receptors would most likely 
not only modulate NK cell-mediated responses, but also lower the threshold for 
TCR-mediated activation. 

Recent data provided by Moser et al., demonstrate that effector CTLs against 
viral antigens became restrained through expression of CD94/NKG2A receptors, 
which inhibited both proliferation and lysis, with a dramatic influence of acute 
infection and oncogenesis by polyoma virus in mice [46]. The HLA-E loading of 
stress-peptides, such as HSP60sp, that is not only induced in stressed cells but also 
interferes with the protection notmally conferred via CD94/NKGA receptor recog- 
nition of HLA-E, provides an explanation for the role of this receptor during the 
regulation of T-cell responses. The CD94/NKG2A receptor thereby complements 
the TCR pathway to help discrimination between healthy or sick cells, not only by 
surveillance of reduced proportion of MHC Class I molecules but also the increased 
accessibility to HLA-E of stress-induced peptides. This mechanism may thereby 
restore lysis by subsets of restrained CD94/NKG2A'" T-cells against low amounts of 
virus- or tumor derived peptide:MHC complexes and, in addition, potentially break 
T-cell tolerance against over-expressed tumor-antigens. Therefore a local increase of 
non-protective stress-peptides competing for HLA-E binding might allow for more 
efficient surveillance of persistent virus and tumor cells, without causing 
immunopathologies as the dominant inhibitory CD94/NKG2A pathway would 
ensure tolerance to healthy cells expressing sufficient levels of protective HLA-E in 
the surrounding. Further studies to address this issue should first test whether 
CD94/NKG2A expressing T-cells can be influenced by stressed induced changes in 
target cells. 

IFN-y is a key cytokine in the response against virus and tumors. A central role 
played by IFN-y is its capacity to up-regulate MHC and thereby enhance antigen 
presentation to T-cells. IFN-y induces not only classical HLA Class I molecules but 
also HLA-E itself [80], which will have an abundant intracellular supply of HI A - 
leader peptides, likely leading to increased cell surface levels of protective HLA-E 
complexes. Therefore, HLA-E up-regulation induced by IFN-y could play an impor- 
tant feed back mechanism during infection by restraining excessive NK and CTL 
effector functions. The fine-tuning of early IFN-y release may critically determine 
whether a virus will be either successfully cleared, or if it may establish persistence 
via premature dampening of anti-viral responses. This possibility is supported by the 
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Figure 1 

Inside the endoplasmic reticulum during non-stressful conditions nascent HLA-E molecules 
refold around HLA-leader peptides and then migrate to the cell surface for presentation to 
CD94/NKG2 receptors [11] (right part of the figure). During increased cellular stress, com- 
petitive peptide replacement in HLA-E can occur via increased access to HSP60 signal pep- 
tides [79] (left part). High levels of HLA-E loaded with HSP60 signal peptides appear on the 
cell surface of stressed cells, which interfere with CD94/NKG2 receptor recognition. 

finding that IFN-y can facilitate hCMV persistence [81], perhaps partially due to 
IFN-y mediated up-regulation of HLA-E loaded with a peptide derived from hCMV- 
UL40 as a mechanism responsible for evasion from NK cell attack [80, 82], In addi- 
tion, IFN-y may assist ovarian tumor cells to evade CTL detection [83]. It was 
shown that short term ovarian tumor lines can express HLA-G, which carries a 
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leader peptide with a particularly strong binding affinity for HLA-E [84] and IFN- 
Y treatment enhanced HLA-E and HLA-G levels dampening autologous anti-tumor 
CTLs in a CD94/NKG2A dependent manner [83]. 

The biological role of the activating CD94/NKG2 receptors is not yet clearly 
defined. However, it is known that this receptor binds the same HLA-E/peptide 
ligand as the inhibitory form, albeit with lower affinity [84], which ensures toler- 
ance when both receptors are expressed on the same cell. The possibility that 
HLA-E presenting stress-induced peptides binds with higher affinity to 
CD94/NKG2C, or another activating receptor, as compared to CD94/NKG2A is 
appealing, as stressed HLA-E expressing cells are killed more efficiently by NK 
cells despite increased HLA-E levels. However, our data do not support a role for 
CD94/NKG2C in this recognition [79]. It is an interesting finding that expression 
of CD94/NKG2C in the absence of inhibitory CD94/NKG2A receptors exists in 
the T-cell repertoire in healthy individuals [56]. These T-cells were shown to be 
completely refractory to NKG2A expression upon TCR stimulation. The presence 
of such T-cells in the synovial fluid of patients with acute forms of arthritis that 
are often triggered or exacerbated during infections is interesting and suggest a 
unique role for CD94/NKG2C during such conditions [85]. As the only ligands 
described for activating CD94 receptors are HLA-E molecules in complex with 
HLA leader peptides, the T-cell surface expression of CD94 activating receptors in 
the absence of inhibitory ones, suggest that HLA-E may provide a potent co-stim- 
ulation to the TCR-pathway. Such co-stimulation could be facilitated by IFN-y 
dependent up-regulation of MHC Class I molecules providing an abundant sup- 
ply of leader peptides for HLA-E. 

Hypothetically, T-cells committed to the CD94-activating pathway carry TCRs 
with low affinity for self-peptides, as these T-cells otherwise may induce widespread 
tissue damage upon activation. Alternatively, these subsets carry self-reactive TCRs 
but are restricted to only certain tissues [e.g., gut-IEL], in which the particular self- 
peptides may not be expressed, or efficiently presented on APC in the tissue envi- 
ronment. However, recent data shows that CD94/NKG2C'', but NKG2A-, T-cell 
clones can be derived from peripheral blood of healthy individuals [56]. In vitro 
experiments established a potent CD94-dependent co-stimulation to TCR-mediated 
cytotoxicity. Therefore, a plausible explanation for the existence of such T-cells is 
that they carry TCRs against self-antigens that are not normally displayed in the 
periphery. In this respect, it is interesting to note that during acute measles virus 
infection, activation of IFN-y producing T-cells specific for abundant - but not nor- 
mally displayed - self-peptides presented by HLA-A"'0201 can be detected [86]. 
These cells were detected at low levels in the T-cell repertoire, but were functional- 
ly silent in the absence of infection. The precise mechanism how these peptides gain 
access to HLA-A''**0201 and displayed on the cell surface upon infection is unclear. 
In light of the emerging evidence that CD94/NKG2 receptors appear on CD8'' T- 
cells subsets early after infection, it is tempting to speculate that a distinct anti-viral 
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response is driven by the T-cell population that is committed to the activating-CD94 
pathway. Early IFN-y release during virus infection, leading to enhanced HLA-E cell 
surface expression on infected- and bystander cells, could provide potent co-stimu- 
lation to TCRs expressed on CD94/NKG2C'^ but CD94/NKG2A T-cells. Massive 
display of normally hidden self-peptides on polymorphic HLA Class I facilitated by 
lEN-y could, however, result in immunopathology. 

In summary, it is becoming increasingly apparent that not only IFN-y induction 
of polymorphic HLA molecules, but also non-classical HLA-E molecules may play 
a fundamental role in the orchestration of immune responses against virus and 
tumors. Our recent data show that endogenous HSP60sp and mutated HLA Class 
I-leader peptides can efficiently compete with protective HLA-E peptides and 
gradually decrease the threshold for NK cell activation in vitro [79]. Possibly, such 
peptides may similarly act to decrease the threshold for CD94/NKG2A^ T-cell 
activation. In contrast, similar peptides may instead gradually increase the thresh- 
old for activation by cells expressing activating CD94/NKG2 receptors in the 
absence of inhibitory receptors, which could limit immunopathologies associated 
with inflammatory diseases that are triggered or exacerbated by infections. It 
should, however, be clarified whether HLA-E in complex with HLA-leader pep- 
tides, or IFN-y stimulation, may act to further enhance responses mediated by 
CD94/NKG2C expressing T-cells, and whether competition by HSP60sp in 
stressed cells may restrain their activation. Taken together, peptide presentation by 
HLA-E may critically fine tune inflammatory responses mediated by subsets of 
NK and T-cells, and a dysregulated balance between various HLA-E:peptide com- 
plexes during infection may act to either prematurely restrain or alternatively, 
unleash CD94/NKG2-dependent immune responses perhaps ultimately leading to 
a persistent disease. 

Despite limited polymorphism in the HLA-E locus. Type I diabetes appears to be 
associated with a certain HLA-E allele [87]. In addition, a subset of HLA-DRBT' 
0404 haplotypes (a known genetic risk factor for RA) contain a common set of 
mini-haplotypes in the Class I region, which confers an additional risk independent 
of the HLA-DRBH'0404 allele. This region contains ~12 functional genes, and 
includes HLA-E [88]. In the arthritic joint of most patients, there is a drastic accu- 
mulation of CD94/NKG2A expressing NK cells, but the presence of NK cells 
expressing a similar phenotype in the pancreas of Type I diabetic patients has not 
been reported. 

These findings mentioned above raise further interesting questions. Can persis- 
tent and/or acute viral infections, tumors, and autoimmune diseases be treated with 
distinct HLA-E binding peptides? In any event, the potential to competitively dis- 
place HLA-E bound peptides in vitro exist and could lead to new therapeutics to 
treat a wide array of human diseases. Experiments in animal models will hopefully 
shed light on how CD94/NKG2 receptors bridge the link between innate and adap- 
tive immune responses in health and disease. 
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